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CHAPTER 1
Introduction
With the introduction of the Scanning Tunnelling Microscope (STM)in 19821 one could, for the first time, resolve individual atoms andmolecules under a microscope. Instead of relying on lenses to focus
photons or electrons as was done in existing optical and electron microscopes,
this novel microscopy method was based on measuring the quantum mechani-
cal tunnelling probability of electrons between the surface of the sample under
the microscope and a sharpened metal wire (the STM tip) that is brought
very close to it. This tunnelling probability is very strongly related to the dis-
tance between the STM tip and the sample’s surface; by performing multiple
of these measurements on different points distributed in a fine raster over the
surface, the STM height image is obtained, which can be interpreted as an
elevation map of the surface.
In the first years following it’s introduction, the STM was mainly used to
study inorganic crystalline surfaces in ultra-high vacuum; the STM yielded the
first three dimensional images of the ordering of atoms in surfaces of metals
such as the Au(110) surface2, and semiconductors such as the Si(111) surface3.
A little more than five years later, the STM was already taken beyond it’s
limited initial application area of the study of well defined crystalline surfaces
in ultra-high vacuum, and was used to image organic molecules at the liquid-
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solid interface. Liquid crystal molecules self-assembled in a ordered monolayer
at a graphite surface, immersed in liquid crystal, were imaged with enough
detail to resolve the individual atoms in the liquid crystal molecules.4
The ability of the STM to study surfaces and adsorbates in ultra-high
vacuum, and even in liquids, with enough resolution to discern individual
atoms, opened up an entirely new way of studying chemistry. For the first time,
it was possible to study chemical reactions at the single molecule level. On top
of that, it proved possible to use the STM tip to pick up molecules from one
place on the surface, and drop them of at another place. With this, the STM
could be used to induce a chemical reaction, by bringing the reactants close
together, and subsequently monitor the ongoing chemical reaction and the
final reaction product; all on the single molecule level. This was demonstrated
in ultra-high vacuum, by inducing and monitoring all steps of the Ullmann
reaction reaction on a Cu(111) catalyst5. Additionally, it was shown that
the STM tip can be used to start a chemical reaction; by simply applying a
voltage pulse via the tip, the STM tip was used to electrochemically initiate
a polymerisation reaction between diacetylene derivatives on the graphite-air
interface6. Next to using the STM tip to move single atoms and molecules
around, the tip can also be used to modify surfaces on a larger scale. For
instance, it has been shown that the STM tip can be used to make large and
well defined recesses in a gold surface that are exactly one gold atom deep7,
in fact turning the STM into the world’s smallest milling tool.
Last, but not least, the STM has the ability to identify which kind of
atoms are in a surface; by altering the energy of the tunnelling electrons, a
spectroscopy measurement can be performed which reveals a unique signature
for different chemical elements in the periodic table. This so called Scan-
ning Tunnelling Spectroscopy (STS) has been used to distinguish iron from
chromium atoms in an alloyed surface8.
The following chapters are the culmination of the author’s four years of ex-
ploration of surfaces submerged in liquids with a home-built liquid-cell Scan-
ning Tunnelling Microscope. This research was motivated by the author’s
opinion, that in spite of the STM’s impressive list of capabilities, which could
greatly advance knowledge of processes at the liquid/solid interface, until to-
day, the amount of STM studies of this interface is very limited. This is a
shame, considering the importance of the liquid/solid interface to chemistry,
and in particular biochemistry. The following six chapters are relatively self
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contained texts, and treat the most import characteristics of the liquid-cell
STM, and the experiments carried out with it. Chapter 2 reports of a series
of numerical simulations that show that, under certain conditions, surfaces
immersed in a liquid can be just as clean as in ultra-high vacuum. The home-
built STM that was used for all STM measurement shown in this thesis, and
which is tailored for measurements in ultra-clean liquids, is introduced in chap-
ter 3. In chapter 4 the gold/alkane interface, more specifically the Au(111)/n-
tetradecane interface, at which most experiments reported in this thesis were
performed, is described in detail. It will be shown that the alkanes can form
a highly ordered monolayer at the interface, independent of the crystal struc-
ture of the gold surface. Scanning Tunnelling Spectroscopy measurements per-
formed at this interface reveal the signature of a Shockly-like electronic surface
state, known to be present on a clean gold surface in ultra-high vacuum. A
small side-step is made in chapter 5, where the liquid-cell STM’s capabilities
as a nano-scale milling tool will be investigated by making large scale surface
modifications in a bismuth surface immersed in liquid alkanes. Chapter 6 deals
with the organisation of porphyrin molecules at the Au(111)/n-tetradecane in-
terface, which were found form highly ordered monolayers, and even organize
in long double rows, templated by an initially present n-tetradecane mono-
layer. Finally, chapter 7 reports of a real-time study of a multi-step catalytic
reaction at the liquid/solid interface. The STM’s unique ability to study each
step of a chemical reaction on the single molecule level, yielded evidence that
two neighbouring manganese porphyrins, adsorbed to a gold surface, can in-
duce the homolytic dissociation of molecular oxygen, and subsequently bind
an oxygen atom each, thus forming reactive manganese-oxygen species which
can act as a heterogeneous catalyst for epoxidation reactions. The activity of
the catalyst was verified by performing an epoxidation reaction in the liquid-
cell STM, while using the STM to continuously monitor the distribution of
activated and inactive catalysts on the interface.
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CHAPTER 2
Surface contamination in a Liquid-Cell STM
The scanning tunnelling microscope allows one to study surfaces and inter-faces with unsurpassed spatial resolution; however it does not provideeasily interpretable information about the chemical nature of the sur-
face under investigation. This presents a serious challenge for STM studies
in general, and STM measurements at the liquid-solid interface in particular;
e.g. small molecules such as water of oxygen adsorbed to a surface might
look very similar under an STM, yet have profoundly different effects on the
surface properties. Therefore it is of great importance for the reproducibil-
ity and comprehensibility of scanning tunnelling microscopy experiments that
one knows as much as possible about the chemical composition of the inter-
face. This boils down to two things: start with a well defined surface, and
subsequently minimize the contamination of that surface over time. This last
aspect, the surface contamination over time, is fundamentally different in a
liquid, where the contamination rate is determined by the diffusion of the
contaminant, whereas in ultra-high vacuum the contamination rate is only
dependent on the partial pressure of the contaminant. The properties of the
solvent, the contaminant and the specific geometry of the liquid-cell STM all
have an influence on the diffusion. The importance and complex nature of the
contamination of a surface submerged in liquid is treated in this chapter.
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2.1 Introduction
The contamination rate of a surface submerged in a liquid in the ‘worst-case
scenario’, i.e., contaminants from the liquid react fully and instantly with the
surface, is determined by the maximum rate at which contaminants can arrive
at the surface. In other words, the maximum contamination rate is diffusion
limited. The equation describing the flux J(~x, t) of a (charged z 6= 0) impurity
in the absence of convection is the Nernst-Planck equation:
~J(~x, t) = −D∇C(~x, t)− zF
RT
DC(~x, t)∇V (~x) (2.1)
with C(~x, t) the concentration of the impurity, V (~x) the electrical potential,
D the diffusion coefficient, F the Faraday constant, R the gas constant and T
the temperature.
Thus diffusion is described by a linear differential equation for neutral im-
purities, and a non-linear differential equation for charged impurities. Both
cases can be solved numerically by Finite Element Method (FEM). What fol-
lows in this chapter is a detailed analysis of surface contamination in a liquid-
cell STM based on FEM solutions of the above equation. The derivations in
this chapter are based on textbook knowledge of electrochemistry1 and Finite
Element Method2.
2.2 The Finite Element Method
2.2.1 Formulating the Nernst-Planck equation as a parabolic equation
To solve the Nernst-Planck equation with Finite Element Method, it has to
be written as a parabolic equation:
d
∂u
∂t
−∇ · (c∇u) + au = f (2.2)
The change in concentration of an impurity is related to the divergence of the
flux ~J of that impurity:
∂
∂t
C(~x, t) = −∇ · ~J(~x, t) (2.3)
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Substitution of equation 2.1 in equation 2.3 gives:
∂
∂t
C(~x, t) = ∇ · (D∇C(~x, t)) + zF
RT
∇ · (C(~x, t)D∇V (~x)) (2.4)
For the divergence of a function times a vector field, the following holds:
∇ · (C(~x, t)∇V (~x)) = ∇C(~x, t) · ∇V (~x) + C(~x, t)∇ · ∇V (~x)
Substituting this in equation 2.4 and using Poisson’s equation∇·∇V = ∇2V =
ρ/ǫ0 one gets:
∂
∂t
C(~x, t) = ∇· (D∇C(~x, t))+ zF
RT
∇V (~x) ·D∇C(~x, t)+ zF
RT
ρ
ǫ0
DC(~x, t) (2.5)
For neutral impurities (z = 0) the last two terms of equation 2.5 are zero, and
the equation is simplified to a linear parabolic equation of the form 2.2. For
very low concentrations of charged impurities, ρ/ǫ0 is very small, and the last
term of equation 2.5 can be neglected, which simplifies equation 2.5 to a linear
parabolic equation of the Burgers kind. In the case of higher concentrations
of charged particles, the last term of equation 2.5 can not be neglected, and
equation 2.5 is a non-linear parabolic equation of the Burgers kind. The first
two linear cases can be solved in a relatively straightforward manner by finite
element method. The last non-linear case is more difficult, and can only be
solved if it is weakly non-linear.
2.2.2 Formulating the finite element problem
One can solve a parabolic equation of the form 2.2 numerically on a specific
geometry, by using Finite Element Method (FEM). The geometry of a liquid-
cell STM has a cylindrical symmetry, with the symmetry axis through the tip
and the sample. Exploiting this symmetry, the problem of finding the solution
of the Nernst-Planck equation in the liquid-cell STM, can be reduced to a two
dimensional problem. This makes it easier and less computationally intensive
to solve.
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Figure 2.1: (a) Two dimensional representation of the tip-sample geometry,
with the r = 0 symmetry axis at the left-hand side. The Nernst-Planck equation
will be numerically solved on the triangulated surface Ω, with specific boundary
conditions on the different boundaries δΩ. (b) Tent function φi(r, z). The tent
function φi is one on node i and zero on all other nodes.
The two dimensional representation of the tip-sample junction in a liquid-cell
STM is shown in figure 2.1a. The surface Ω is divided in cells (the finite
elements) by Delaunay triangulation. This results in a network of nodes con-
nected by segments, which is usually referred to as the mesh. In finite element
method, the differential equation is made discrete on the nodes of the mesh.
One common way of doing this, while ensuring the continuity of the spatial
derivative of the function, is by using so called tent functions as shown in fig-
ure 2.1b. Any function on Ω can be approximated by a weighed superposition
of these tent functions:
u(~x, t) =
N∑
j=1
Uj(t)φj(~x) (2.6)
Due to the nature of the tent functions: at position xi, exactly on node i, the
tent function φi = 1 and φj = 0 for all j 6= i, the coefficients Uj(t) can be
easily determined.
Ui(t) = u(~xi, t)
Before equation 2.5 can be made discrete, it is necessary to rewrite it in the
so called weak or variational form. To do this, first multiply the parabolic
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equation 2.2 with a test function v(~x):
∫
Ω
−(∇ · (c∇u))v + auvdA =
∫
Ω
fdA
Now apply Green’s Formula:
∫
Ω
(c∇u) · ∇v + auvdA−
∫
∂Ω
~n · (c∇u)vds =
∫
Ω
fvdA (2.7)
In this equation the integral over the boundary ∂Ω can be substituted by
the boundary conditions of the problem. For the sake of generality mixed
boundary conditions are used, of the form:
~n · (c∇u) + qu = g , on ∂Ω
These can be reduced to Dirichlet (or essential) boundary conditions, of the
form hu = r on ∂Ω, by setting g = qr and taking q → ∞ so that the gradi-
ent term vanishes. In practice however, Dirichlet boundary conditions will be
handled in a different way, as will be shown further ahead in this section. Neu-
mann (or Robin) boundary conditions, of the form ~n · (c∇u) = g, are obtained
by setting q = 0. Substituting this boundary condition in equation 2.7 the
variational, or weak, form of the differential equation (2.2) can be formulated:
find a function u on Ω that satisfies:∫
Ω
(c∇u) · ∇v + auv − fvdA−
∫
∂Ω
(−qu+ g)vds = 0 , ∀v ∈ Ω (2.8)
It is clear that any solution of the differential equation (2.2) is also a solution
of the weak differential equation (2.8). The reverse holds if u is continuously
differentiable.
Now, to discretize equation (2.8) on N nodes, the equation is projected on
an N dimensional function space VN of which the tent-function φi = 1 and
φj = 0 form the orthogonal base functions.
N∑
j=1
(∫
Ω
(c∇φj) · ∇φi + aφjφidA+
∫
∂Ω
qφjφids
)
Uj =
∫
Ω
fφidA+
∫
∂Ω
gφids , i = 1, ..., N (2.9)
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Using matrix notation, this can be written as as system of coupled equations:
(K +M +Q)U = F +G (2.10)
If the matrices K, M or Q are independent of U then the system of coupled
equations is linear otherwise it is non linear.
Equation 2.5 describing the migration and diffusion of charged and neutral
particles in a liquid-cell STM can be written in the form of equation 2.10. In
this chapter Matlab3 was used to solve this equation for typical liquid-cell
STM geometries.
2.2.3 Using a logarithmic grid
Because of the special geometry of the liquid-cell STM it is convenient to
work with a logarithmic space. This is because the geometry of the liquid cell
is large scale (centimetre range), while the separation between the STM tip
and the sample is small scale (nanometre range). Normal triangulation of this
geometry would result in too few nodes near the tip and sample, and too many
in the bulk liquid. The amount of nodes near the tip and sample have to be
large, because at the time-scales of interest, the concentration gradients will
be big at the interface, and small in the bulk liquid filling the liquid-cell STM.
The benefit of a logarithmic grid with a high node density near the interface
can be seen in figure 2.2.
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Figure 2.2: 1D FEM solutions for diffusion on a linear grid (blue) and a
logarithmic grid (green) compared to the analytical solution of the 1 dimensional
diffusion problem as described in paragraph 2.3 (red). At t = 0 the liquid is
saturated with O2, the surface at position x = 0 binds O2. The diffusion
equation determines the concentration of O2 as function of position and time.
(a) FEM (green and blue crosses) and analytical (red line) solutions for the
concentration of O2 in the liquid at different times. The logarithmic grid has
more nodes close to the interface (green) than the linear grid (blue). (b) The
error of the FEM solution determined by subtraction of the analytical solution.
Close to the interface, where the concentration gradients are biggest, the FEM
solution on the logarithmic grid performs better than the FEM solution on the
linear grid.
2.3 Analytical solution of the 1D diffusion problem
The one dimensional Nernst-Planck equation can be solved analytically. It
is useful to do this, because then the numerical solution can be compared
to the analytical solution. The problem of finding the contamination of an
infinite surface, covered by an infinite volume of liquid can be reduced to a
one dimensional problem. The surface is at position x = 0 and the x-axis is
perpendicular to the surface. At t = 0 the concentration of the impurity is
the same for all x: C(x, t = 0) = C∗. For t > 0 the impurity reacts with the
surface, so C(x = 0, t) = 0. And infinitely far from the surface, there is no
effect of the surface, so the C(x = inf, t) = C∗. This leads to the following
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boundary conditions:
CO2(x, 0) = C
∗
O2
lim
x→∞
CO2(x, t) = C
∗
O2
CO2(0, t) = 0 for t > 0
So for a neutral impurity, the solution of the one dimensional Nernst-Planck
equation is:
C(x, t) = C∗erf
(
x
2
√
Dt
)
(2.11)
A few concentration profiles at different times are drawn in figure 2.3b, and
the contamination of the surface over time is shown in figure 2.3a. The val-
ues for the oxygen concentration and the diffusion constant are those for the
argon purged n-tetradecane which is used for the majority of the experiments
described in this thesis.
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Figure 2.3: (a) Analytical solution for the surface contamination by oxygen
of an infinite surface covered by an infinite volume of n-tetradecane with 20
nMol/l oxygen concentration. (b) Analytical solution for the concentration of
oxygen
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2.4 FEM solution of oxygen contamination in a liquid-cell STM
In this section the matrix form of the weak form of the Nernst-Planck equa-
tion (equation 2.10) will be solved on the liquid-cell STM geometry. The
cylinder symmetry of the liquid-cell STM (round tip, round liquid-cell) allows
the problem to be reduced to a 2 dimensional problem, as shown in figure 2.1a.
The FEM calculations of the contamination rate have been performed un-
der identical circumstances as in a typical liquid-cell STM experiment (see
chapter 3). The sample is submerged in n-tetradecane which has been purged
with argon to remove as much oxygen as possible. The argon used in the ex-
periments reported in this book is 99.999% pure. Assuming all impurities are
oxygen then, from the Ostwald coefficient for O2 in n-tetradecane which has
been determined in literature4 at 0.2218, follows that the O2 concentration in
argon purged n-tetradecane is 1.98−8M. The entire liquid-cell STM is enclosed
in a bell jar which has been purged with argon as well.
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Figure 2.4: Finite Element Method (FEM) solution for the contamination of
a surface by oxygen in a liquid-cell STM. The tip-sample separation is 100nm,
the liquid is argon purged n-tetradecane (20 nMol/l O2).(a) Surface contami-
nation over time in a liquid-cell STM at different points of the sample (green),
compared to UHV (blue), and the 1D analytical solution (red). r = 0 is the
point on the sample directly below the tip apex. (b) Distribution of the O2
contamination as function of position on the sample for 1 and 3 hours after
the start of the measurement. Again r = 0 is the point on the sample directly
below the tip apex. For clarity the cross-section of the tip has been drawn in.
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In this chapter, two common situations have been simulated. Firstly the
rate of contamination of a surface by oxygen has been calculated during a
normal measurement. The oxygen contamination is then only caused by the
oxygen dissolved in the n-tetradecane that diffuses to the interface. The result-
ing worst-case scenario i.e., diffusion limited surface contamination, is shown
in figure 2.4. Far away from the tip, the shielding effect of the tip is reduced,
and oxygen can diffuse unhindered to the interface, the contamination rate
is largest there, and approaches the 1D analytical solution of the diffusion
problem. This makes sense, since without the tip, the geometry would be
reducible to a 1 dimensional problem. The fact that the FEM solution ap-
proaches the 1D analytical solution far away from the tip is a good indication
for the reliability of the FEM calculation. The blue lines in figure 2.4a show
the contamination rates in ultra-high vacuum, a typical STM setup in UHV
has a partial oxygen pressure of 10−12mbar. Evidently the contamination rate
in the liquid-cell STM is comparable to UHV. In particular the surface directly
under the tip has a very low contamination rate, even when the tip is retracted
(the tip-sample separation is 100nm in this simulation).
The second scenario that has been simulated is the situation where after
the experiment exactly as in the previous scenario, the top of the liquid in the
liquid-cell is exposed to a contaminant. For instance by flushing the bell jar
with pure oxygen. In this case the high concentration of O2 in the bell jar
diffuses through the n-tetradecane and contaminates the surface. The surface
contamination rate is now determined by the speed at which the O2 from
the bell jar can diffuse to the sample. This scenario is shown in figure 2.5.
Obviously the surface is no longer kept clean, and is fully covered with oxygen
within a few hours. For the region under the tip (r < 2µm), the contamination
rate is slower, and it can take up to 5 hours before one oxygen molecule per
nm2 is bound to the surface. In this simulation however, the scanning of the
tip is not taken into account, and neither is the convection this causes. So
in reality also directly below the tip the contamination rate will be higher.
Although this scenario has been simulated for the addition of oxygen to the
system, similar results will be obtained if any other contamination is added,
such as a drop of a solution containing some different molecules that is added
to the liquid in the liquid-cell.
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Figure 2.5: Finite Element Method (FEM) solution for the contamination
of a surface by oxygen in a liquid-cell STM. The tip-sample separation is 1nm,
the liquid is argon purged n-tetradecane (20 nMol/l O2), the n-tetradecane
level in the liquid cell is 10mm and the surface of the liquid is exposed to pure
oxygen. (a) Surface contamination over time in a liquid cell at different points
on the sample (green), compared to UHV (blue). (b) Distribution of the O2
contamination as function of position on the sample for 1,3 and 5 hours after
the start of the measurement.
2.5 Implications for contamination in the Nijmegen Liquid-cell
STM
The simulations performed in this chapter indicate that under normal circum-
stances in a liquid-cell STM filled with n-tetradecane one does not have to
worry about surface contamination. It is very limited, and comparable to a
STM in UHV conditions, it can take several days before a significant amount
of surface contamination occurs. If one adds oxygen or other contaminants
to the liquid-cell STM one has to realize that due to the slow diffusion it can
take one to several hours before the added contamination reaches the surface
under the tip. Any effect on the surface due to the added contamination will
therefore only be visible in the STM measurements after one up to several
hours.
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CHAPTER 3
Experimental methods and apparatus
By far the largest and most significant part of the research reported inthis thesis was performed with a home-built liquid-cell scanning tun-nelling microscope. To the casual observer the sometimes beautiful
topographies generated by a scanning tunnelling microscope, appear easy to
understand, and seem very similar to conventional optical microscopy images.
In reality things are not as simple as they seem. Many aspects of the surface,
interface and the microscope itself have a subtle or less subtle impact on the
resulting topography images. Furthermore, unlike an optical microscope, an
STM is not a ‘slide in the sample and take a picture’ kind of microscope. The
STM images shown in this thesis have taken days or even weeks of preparation
and measuring. The details and intricacies of the construction and use of this
apparatus are described in this chapter. Furthermore, some methods will be
introduced that are used extensively throughout this thesis to extract useful
and quantified information from scanning tunnelling measurements.
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3.1 Introduction
This chapter is divided into three sections. The first section introduces the
Nijmegen Liquid-cell STM in which all of the STM measurements reported in
this thesis were performed. In the second section the experimental methods
used to perform these STM measurements are explained. And the last section
treats the data processing and analysis methods used on the STM data shown
in this thesis.
3.2 The Nijmegen Liquid-cell STM
The Nijmegen Liquid-cell STM was homebuilt as part of the research of which
this thesis reports. It is based on an earlier STM designed in the experimental
solid state physics 2 department: the simple high-resolution scanning tun-
nelling microscope1. This design was extended in three major ways. Firstly, a
liquid-cell of inert material was added, so that the sample could be submerged
in a liquid. Secondly, the entire STM was enclosed in a bell jar that is well
sealed, and can be flushed with an inert gas. Thirdly, the STM was adjusted
to allow very low (∼ 1pA) currents, which ensures minimal interaction of the
STM tip with the sample surface. An overview photograph of the Nijmegen
Liquid-cell STM is shown in figure 3.1. A more detailed photograph of the
actual STM and the liquid-cell are show in figure 3.2a and 3.2b respectively.
3.2.1 Controlled environment
To be able to perform reliable and reproducible STM measurements in a
liquid-cell STM, it is important that the liquid in the cell contains as little
contaminations as possible. There are three main sources of contamination;
the first source is the surface of the liquid-cell which is in direct contact with
the liquid, and the second source, since the liquid-cell is open at the top, is
the atmosphere around the liquid-cell STM, and the third main source is the
contamination originally present in the liquid itself. To reduce the level of
contaminations in the liquid-cell STM to an acceptable level, measures have
to be taken to control all of these three sources of contamination.
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Figure 3.1: Photograph of the Nijmegen Liquid-cell STM fully assembled.
The black box (1) serves as a support for the STM, and contains the secondary
amplifier for the tunnelling current, as well as voltage regulators and condition-
ers for the bias voltage. The cables that run from the black box to the STM (9)
go through vacuum ports, so the top of the black box is air tight. The bell-jar
consists of a glass cylinder (2), which is sealed at the bottom-end by the black
box, and at the top-end by a glass flange. The bell-jar is clamped onto the
black box by four clamps (3), and sealed with a viton O-ring. The glass flange
at the top end is clamped with a viton O-ring as well (clamp not shown in
photograph). A pressure-gage (4) is mounted on the bell-jar, to monitor the
pressure in the bell-jar (pressures down to ∼ 10−3mbar are achievable, as well
as slight over-pressures up to 0.5bar). A septum (5) is fitted on the bell-jar
through which gases or liquids can be brought into the system by means of a
syringe, the septum can be closed off from the main chamber by a valve (6).
Pumping down the bell-jar, and flushing the bell-jar is done by connecting a
tube to port (8), which can be closed off from the main chamber by valve (7).
The STM itself (9) is mounted inside the bell-jar, above the liquid-cell (10)
containing the sample. The STM scans the sample surface in the horizontal
plane.
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The liquid-cell used in the Nijmegen Liquid-cell STM (figure 3.2b) was
designed to be as chemically inert as possible, as well as easy to clean. The
liquid container is made of an inert polymer (Kel-F) and the electrode for the
sample bias voltage is made of platinum-iridium. Both materials are very inert,
and can be easily cleaned with acetone. The sample holder itself is made out
of gilded steel, and is held into place by a strong neodymium magnet, which
is embedded in the stainless steel base of the liquid-cell.
To reduce the amount of contaminations coming in through the open top
of the liquid-cell, the entire STM is contained in a bell-jar, which can be
flushed with argon, or pumped down to ∼ 10−3mbar. The bell-jar can be seen
in figure 3.1, it is designed to allow for easy access to the STM, and can be
opened and closed in seconds. For most of the STM measurements reported
in this thesis, the bell-jar was flushed with 99.999% argon, and subsequently
kept at a slight overpressure during the measurements.
To ensure that as little contaminations as possible are present in the liq-
uids in which the actual measurements take place, all liquids were purged
extensively (> 12 hours) with argon prior to any experiment (see figure 3.3b),
ensuring no sample contamination from gases dissolved in the liquid. Further-
more, to minimize other, non gaseous sources of contamination, the liquids
were purchased in as clean form as possible, and distilled prior to use.
3.2.2 Ultra-low current STM
Low current is important for large tip-sample separation and reducing the field
strength in the junction. Both ensure as little influence of the measurement
on the surface as possible. This is in particular important for the study of
adsorbed molecules. Typically, the molecules studied in this thesis are in-
sulators; this requires an STM with the ability to operate at low tunnelling
currents in combination with low bias voltages. A too high bias voltage would
induce a chemical change in the molecule, and operating at a high tunnelling
current would cause the STM tip to be too close to the substrate on which
the molecules are adsorbed, and result in the tip colliding with the adsorbed
molecules. The Nijmegen Liquid-cell STM has a special design, with the pre-
amplifier in the STM head (see figure 3.2a number 1) at only ∼ 1cm distance
from the tip, which allows for STM measurements at tunnelling currents of
around 1pA. It was found that many of the molecular adsorbates studied for
the completion of this thesis required such low tunnelling currents, increasing
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the tunnelling current only slightly above 1pA often resulted in a total loss of
the ability to resolve the molecules on the surface.
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Figure 3.2: More detailed photographs, of (a) the actual STM in the Nij-
megen Liquid-cell STM and (b) the liquid-cell with a sample holder for evap-
orated gold films. The STM head (1), is the actual microscope; it contains the
piezo-tube to move the tip over the sample, and the low-noise custom build
IV-converter that allows for the measurement of very low (sub pA) tunnelling
currents. The STM head is mounted, with the tip (2) pointing downward,
on a support (3) in which the liquid-cell (4) is placed. The liquid-cell can be
moved and fixed with the 4 positioning screws (5) of which only 3 are visible
in the photograph. The liquid-cell consists of two parts, the liquid container
(6) which is made of the inert polymer Kel-F, and a stainless steel support (7)
which is fixed by the positioning screws (5). The sample holder (8) is made
of gilded steel (magnetizable), which is held in place by a strong neodymium
magnet embedded in the steel support of the liquid-cell. The sample holder
shown in the photograph is for evaporated gold films; the film is held into place
by a platinum-iridium (80-20) clamp, which is fixed to the gilded sample holder
with a Kel-F clamp and screw. At the bottom of the liquid-cell a platinum-
iridium ring (9) is placed, on which the sample holder is supported, this ring
is connected to a micro-connector (10), on which the STM’s bias voltage is
applied. The electrical connection goes via the micro-connector (10), to the
platinum-iridium ring (9) to the sample holder (8) and finally via the sample
holder’s platinum-iridium clamps to the sample itself. The only materials in
direct contact with the liquid are: Kel-F, platinum-iridium, and the gilded steel
of the sample holder.
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Figure 3.3: (a) Installation to purge the liquids used for liquid-cell STM
measurements of gaseous contaminations. Gas is pumped through the inner
tube (1) and escapes through the glass frit (2), ensuring maximum contact
with the purging gas and the liquid. After purging (typically for several hours)
the purged liquid can be extracted from the bottom, by opening the tap (3).
(b) Photograph illustrating the method for flame-annealing an evaporated gold
film, by using a hydrogen flame. Pure hydrogen is mixed with oxygen in a 2:1
ratio, and pumped through a quartz pipet (4). At the apex the oxygen/hydrogen
mixture is ignited, and by choosing the right gas flow, an almost invisible flame
can be obtained (5). In the photograph, the flame appears a bit red, but
in reality it is an almost invisible bluish flame; which indicates a soot-free
combustion. Best results are obtained when the gold film (6) is heated with
this flame, until it starts to glow slightly orange.
3.3 Experimental methods
3.3.1 Sample preparation
Au(111) surfaces were prepared by evaporating 99.99% gold on freshly cleaved
mica. The gold was grown epitaxially on the heated mica (∼ 300◦C), at a
pressure of 10−7 mbar, and annealed for 2 hours at 300◦C, 10−8 mbar. It was
found that the quality of the gold films deteriorates quickly, and therefore for
the work presented in this thesis, no gold films older than two or three days
were used. It was found that annealing the gold film in a hydrogen flame (see
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figure 3.3b), just before mounting it in the liquid-cell STM results in a much
cleaner interface. The best results were obtained when the gold surface was
heated until it had a faint orange glow. At this temperature all contaminations
are burned away, and the gold surface is highly mobile, smoothing out any
roughness. All measurements in chapters 6 and 7 were performed on flame
annealed gold films.
3.3.2 STM topography measurements
All STM measurements shown in this thesis were performed in the home built
Nijmegen Liquid-Cell STM connected to an Omicron SCALA SPM controller.
STM tips were mechanically cut from platinum-iridium (80-20) wire. All im-
ages shown in this thesis are constant current images, typically with a very
low tunnelling current of around 10pA.
3.3.3 STM spectroscopy measurements
Scanning Tunneling Spectroscopy (STS) measurements were performed under
the same conditions as the topography measurements. The Omicron SCALA
SPM controller is suitable for performing dI/dV spectroscopy, and the stan-
dard Omicron software was used for obtaining the spectroscopy measurements.
3.4 Analysis and processing of STM images
The STM images often need some form of processing before useful data can
be extracted from them. The most commonly used processing is a background
removal, needed if the surface of interest is not exactly perpendicular to the
scanning plane of the microscope. Also occasionally noise obscures the details
of interest in the STM image.
All STM images, and STS spectroscopy curves shown in this thesis are pro-
cessed using homebuilt software developed in Matlab2. Every image shown
has had it’s background removed this will not be mentioned explicitly in the
figures captions. Any other processing that may have been applied to the im-
age will be explicitly mentioned in the figures caption. Most of the filters used,
such as the median filter or the Fourier filter both used for noise reduction,
are straightforward, and will not be explained here. The properties and im-
plementations of such filters have been described in great detail in literature3.
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However, there are three methods for processing STM images that are less well
known and straightforward, but are of great importance for understanding the
processing and analysis of STM image data performed in this thesis. These
three methods will be explained in detailed in this section. Firstly, STM im-
age calibration and drift correction. Secondly, correlation filtering. Thirdly,
quantitatively measuring distances and angles in STM images.
3.4.1 Drift correction and calibration of STM images
One problem, affecting all scanning probe microscopy techniques, is the dis-
tortion of the measured image due to what is commonly referred to as drift.
In the scanning probe world, drift means movement of the probe with respect
to the sample, that is not due to the scanning. Drift can be caused by changes
in temperature, or mechanical stress. It is important to realize that it is im-
possible to completely eliminate this drift in ambient conditions. Only for
microscopes kept at a few degrees Kelvin in the very stable environment of a
liquid-helium cryostat can the drift be reduced to negligible levels. Therefore,
if one wants to obtain quantitative information from scanning probe measure-
ments, one has compensate for drift.
The typical drift affecting measurements done with the microscope used
for obtaining the results shown in this thesis, can be described by a constant
vector with a magnitude of several nanometres per hour. This can be easily
determined from experimental data. Would the drift not be constant in both
magnitude and direction during the time it takes to complete one image, then
features that are known to be straight will appear curved. A well known cause
of such non-linear drift is caused by the non-linearity of the piezo tube used
to position the STM tip. Typically, when the tip is displaced over a large
distance in a short time (i.e., a jump to a new position), the piezo tube needs
time to adapt to its new shape, which results is a strongly non-linear drift
in the position of the tip, that can last for minutes. In the case of linear
drift, the magnitude of the drift can be easily determined by monitoring the
(apparent) movement of a fixed feature on the sample, in the measured image,
over a prolonged period of time. In certain cases, just after the start of the
measurement, or after some external disturbance, the drift can be very large
and non-linear; in these cases it is impossible to obtain quantitative data from
the measurement. The relatively small magnitude (several nanometres per
hour) of the drift, translates to an absolute drift during the time it takes to
3.4 Analysis and processing of STM images 25
measure one scanline (at most a second), that is smaller than one picometre.
Because the typical size of an image is at least ten nanometres square, the drift
during a single scanline can be safely neglected. So the individual scanlines of
the measured image are not distorted by drift, however, the complete image
consists of a grid of scanlines measured over a period that can range from a few
minutes to one hour. In this period, the drift can typically not be neglected,
and the grid of scanlines is distorted from a square to a parallelogram that
is stretched in the slow-scan direction. This is shown in figure 3.4. The
transformation from image space (x, y) to sample space (x′, y′) and back is
given by:
x′ = x+ arctan(α)Syy x=x
′ − arctan(α)y′ (3.1)
y′ = Syy y=y
′/Sy
Where α is the angle that the sides of the parallelogram make with the vertical,
and Sy is the scaling factor which determines how much the image is stretched
(Sy < 1) or compressed (Sy > 1) with respect to the real surface. In literature
another approach is reported for correcting distortion in STM images caused
by non orthogonal scanning and the different piezoelectric constants for X and
Y scanning4. The calibration method reported here also corrects for distortion
caused by non orthogonal scanning and the different piezoelectric constants for
X and Y scanning, in fact, for a single measurement, this distortion is indis-
tinguishable from distortion caused by drift. However, would non orthogonal
scanning and the different piezoelectric constants for X and Y scanning be the
major cause of the distortion, then the calibration constants Sy and α would
be properties of the STM and therefore the same for different measurements.
For the many STM images were calibrated, a large variation was found in α
and Sy, therefore it can be concluded that for this STM the major contribu-
tion to the distortion of the image, is drift. From the equations 3.1 and the
figure 3.4 two important observations should be made:
• The image can appear stretched or compressed in the slow-scan direction
(y), but not in the fast-scan direction (x). i.e. objects that appear
circular in the image, can in reality be ellipses.
• Angles between features as they appear in the image can be different
from the real angle these features make on the surface, i.e. two lines
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on the sample that appear to intersect at 90◦ in the image, are not
necessarily perpendicular on the sample.
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Figure 3.4: Graphical representation of how a scanning probe image, ac-
quired in a timespan ∆t, appears distorted on the screen due to a constant
drift with speed ~vdrift. Due to the drift, the area of the sample that is imaged
is not square, but is skewed by an angle α, and stretched along the y-axis by
a factor Sy. Scanlines are drawn as grey lines, and blue arrows represent the
fast- (parallel to the scanlines) and slow-scan direction. The measurement seen
from image space (x,y) is show in (a), whereas the same measurement seen
from sample space (x′,y′) is shown in (b).
Obviously drift makes measurements of angles or distances in an STM
image highly unreliable, even at moderate drift. In many cases this is an
unfortunate fact one has to accept. However if the drift is linear (and it most
often is), and one knows two independent parameters in the image, e.g., an
angle and a distance, then equation 3.1 can be solved, and the STM image
can be calibrated. Such a calibration is shown in figure 3.5 for an STM image
of highly ordered pyrolytic graphite (HOPG). As one can see from figure 3.5a,
the STM image is very regular, indicating linear drift, this linearity will be
quantified in paragraph 3.4.3. In figure 3.5a two vectors have been drawn in,
both span 8 unit cells along the unit cell vectors. So, the drift is linear, and
we know two independent parameters. Firstly the vectors should have equal
length. Secondly the two vectors should be at a 60◦ degree angle with respect
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to each other. Although it is possible to solve equation 3.1 analytically, it’s
more convenient and flexible to solve it numerically. Figure 3.5b shows the
resulting calibrated STM image. The two vectors are now of equal length, and
at an angle of 60◦. Note that the resulting image is no longer rectangular. This
is shown here for the sake of clarity, but the calibrated STM images shown in
the rest of this thesis, will be cropped to be rectangular again.
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Figure 3.5: Example of drift correction on an STM image of highly ordered
pyrolytic graphite (HOPG) which has a regular and well known crystal structure.
When imaged with an STM, one sees one ’bump’ per unit cell, i.e., only one in
every two graphite atoms in the top layer is visible. (a) Original STM image,
the two arrows are each eight unit cells long, along two different symmetry axes.
Knowing that an STM image of the HOPG surface has a six-fold symmetry, it
is clear that both arrows should have equal length, and should be at angle of
60◦ with each other. (b) Calibrated image; applying 3.1 to the vectors obtained
from the original image one gets: α = −2.0◦, and Sy = 0.63. The drift that
was corrected for amounted to 2.0nm/minute, and the direction of the drift
was 84.6◦ with respect to the x-axis
3.4.2 Correlation filtering
One disturbance common to all measurements is noise, and STM measure-
ments are no exception. Fortunately the same regularity of a crystal surface
that we exploited in the previous paragraph can be used to filter out some
noise in STM images of crystalline surfaces. A defect free crystal surface is a
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continuous repetition of the same unit cell; for the HOGP surface shown in
figure 3.7, this unit cell is hexagonal. Therefore, one STM image of a crystal
surface containing multiple unit cells is essentially a sequence of measurements
of that one unit cell. Due to the scanning nature of the STM, the sequence of
measurements of the unit cell are not simultaneous. However, the timespan
of the measurements is usually short, so one can normally assume that each
separate measurement of the unit cell is taken under identical circumstances.
It is easy to check if a change in circumstances, such as a sudden temperature
change, has taken place during the measurement by looking at the original
STM image.
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Figure 3.6: Correlation coefficients and spatial distribution of the found
equivalent areas for the correlation filtering example shown in figure 3.7 (a)
Original STM image with the equivalent areas found by the correlation filter
drawn in. The areas selected for inclusion in the averaging are marked by green
circles, the areas not selected are marked by red crosses. (b) Curves showing
the correlation coefficients for all the equivalent areas found by the filter, for
both the interpolated STM image (red line) and the original STM image (blue
line). Equivalent areas with a correlation coefficient significantly higher than
zero match the reference area well; the white area in the graph indicates the
equivalent areas selected for use in the correlation filter (corresponds to the
green circles in (a)). Also, from the observation that the correlation coefficients
for the interpolated STM image (red line) are higher than for the original image
(blue line), one can conclude that the use of the correlation filter in combination
with interpolation does increase the resolution of the filtered STM image with
respect to the original STM image.
If each measurement of the unit cell took place under identical circum-
stances, then the biggest difference between the individual measurements is
noise. This noise can then be reduced by taking the average of all the measure-
ments. The magnitude of the noise drops by the square root of the number
of measurements averaged. So even with a few measurements of the unit cell
in one image, the noise can be significantly reduced. There is another way to
enhance the image using this sequence of measurements of the same unit cell,
which is specific to digital imaging methods. STM image data is sampled on
a regular grid, the maximum resolution of any sampled image can not exceed
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the so called Nyquist frequency, which is half the sampling frequency. e.g., In
an STM image with 10 pixels/nm the maximum resolution is 0.2nm. However,
the grid on which is sampled has a different position with respect to each unit
cell in the STM image. So every unit cell was sampled with a grid through
different points in the unit cell. Thus, although the maximum resolution of
each individual measurement of the unit cell is determined by the Nyquist fre-
quency, the full sequence of measured unit cells has a resolution that exceeds
what is determined by the Nyquist frequency. One can recover this higher res-
olution in the correlation filtered unit cell by performing a linear interpolation
of the STM image before performing the actual correlation filtering.
The correlation filter itself is an interactive filter. To demonstrate the
workings of the correlation filter, the procedure for filtering an STM image
of HOPG (figure 3.7a) will be shown. First, a reference area containing at
least one complete unit cell has to be selected manually, the reference area
chosen for this example is marked by the white lines in figure 3.7a. The
filter program then searches the entire STM image for areas equivalent to
this selected reference area by means of correlation. The found areas are then
sorted by their degree of similarity to the reference area, which is quantified by
the correlation coefficient. Which of the found areas are similar enough to the
reference area to be used for the averaging, can usually be easily established
by looking at the correlation coefficients and the distribution of the found
equivalent areas over the STM image. This can be seen in figure 3.6. The
blue and the red curves in figure 3.6b show the correlation coefficients of the
equivalent areas found by the filter in the original (blue) and the interpolated
(red) STM image. Clearly the first 200 or so equivalent areas found by the
filter are a good match to the reference area, for the others the correlation
coefficient is significantly lower. Now another user interaction is required, the
number of equivalent areas used for the averaging has to be selected. For
this example the 192 best equivalent areas indicated by the white area in
figure 3.6b are selected. The positions of the selected areas are marked by
green circles in figure 3.6a. The red crosses mark equivalent areas which were
not included in the averaging (the dark grey part of the curve in figure 3.6b).
It can also be seen from figure 3.6b that the interpolated STM image leads
to significantly higher correlation coefficients than the original image. This
indicates that next to noise reduction, the correlation filter also enhances the
resolution of the original STM image. So in this example the correlation filter
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works on the 2 times interpolated STM image and averages over the best 192
equivalent areas. The result is the filtered image shown in figure 3.7b.
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Figure 3.7: Example of correlation filtering applied to an STM image of
HOPG. The filtering was performed by taking the average of 192 areas equiv-
alent to the manually selected area marked by the white rectangle in (a), and
increases the resolution by a factor of four, using linear interpolation. The cor-
relation coefficients and distribution of the areas used for averaging are shown in
figure 3.6. (a) Original unfiltered STM image of HOPG. (b) Correlation filtered
STM image. (c) cross-section along the white arrow in (a). (d) cross-section
along the white arrow in (b).
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3.4.3 Quantifying measurements from STM images
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Figure 3.8: Characterisation of the HOPG lattice as measured by the cor-
relation filter described in paragraph 3.4.2. To minimize the error due to pixel
size, only unique vectors spanning 4 unit cells (∼ 1nm) along the symmetry
axes were measured. The measured lengths were divided by 4 again to com-
pare to the literature value for HOPG. (a) Histogram of the lengths of all the
measured vectors. The mean of the distribution is 2.469A˚ with a standard
deviation of 0.03A˚, which matches the 2.48A˚ of the HOPG lattice, indicating
that the drift correction and calibration performed in paragraph 3.4.1 was suc-
cessful. The standard deviation of the distribution is 3.1pm, indicating that
the drift that was corrected for, was quite linear, and that after calibration and
drift correction, all measurements of distances anywhere in the STM image are
quite accurate. (b) Histogram of the angles of all the measured vectors. The
angles shown in the histogram are actually the deviations of the angles of the
measured vectors with respect to their nearest symmetry axes. HOPG has an
hexagonal lattice, so the angles of the measured lattice vectors are distributed
in six groups at 60◦ intervals. The standard deviation of the distribution is
0.65◦.
In addition to reduced noise and enhanced resolution, the correlation filter
provides one important additional use: it can provide quantitative informa-
tion about the errors in the measurement of lengths and angles in an STM
image. The correlation filter finds the spatial positions of areas in the STM
image that are equivalent to the selected reference area. If the STM image
would be a perfect map of the crystal surface, then the spatial distribution
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of these equivalent areas would exactly match the crystal lattice of the sur-
face. On first sight, looking at figure 3.6a, the selected equivalent areas (green
circles) form an hexagonal lattice that matches the HOPG lattice. However,
from figure 3.8 which shows the distribution of lengths (a) and angles (b) of
the vectors connecting the green circles in figure 3.6a, one can see that the
measured lattice is not perfect. For this well resolved STM image of HOPG
all distance and angle measurements were performed by correlation in a high
resolution 2 times interpolated image; i.e., these measurements are done under
the best possible circumstances. Most measured angels are accurate within
±2◦, and most measured distances are accurate within ±0.1A˚.
The correlation filtering described in the previous paragraph, as well as the
method for quantitative measurements described in this paragraph, depend
on the assumption that the equivalent areas, as identified by the correlation
method, are in fact identical. This is of course a valid assumption for the
atom positions in a perfect crystal with translational symmetry, such as the
HOPG used as an example in this and in the previous paragraph. However, if
the filter is applied using areas wrongly marked as equivalent, then the filter
results in a distorted image, and the quantitative data about distances and
angles are wrong. It is therefore essential that the selection of the equivalent
areas is a interactive step; by observing the curve of the correlation coefficients
(figure 3.6a) and the distribution of equivalent areas in the image (figure 3.6b)
an experienced user can judge whether areas are truly equivalent, or merely
similar. In fact, the filtering software is a powerful tool to identify irregular-
ities in otherwise periodical structures, such as different domains in layers of
adsorbed molecules, and steps and defects in a crystal lattice.
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CHAPTER 4
A model system: the Au(111)/n-tetradecane interface
Now that the experimental apparatus has been introduced, and it hasbeen demonstrated numerically that the liquid-STM should be equallywell suited for the study of well-defined interfaces as an ultra-high vac-
uum STM, it is time to put the liquid-cell STM to the test. This chapter
describes our investigations into the spatial and electronic structure of the
Au(111)/n-tetradecane interface. The Au(111) surface has been extensively
studied in ultra-high vacuum, by scanning tunnelling microscopy and various
other techniques. Comparing the Au(111) surface submerged in n-tetradecane
to a vacuum terminated Au(111) surface will reveal the differences in both elec-
tronic and topographic properties of the interface that result from the presence
of the n-tetradecane. Understanding these differences is essential for a correct
interpretation of liquid-STM measurements. A thorough characterization of
the Au(111)/n-tetradecane interface is of specific importance for chapters 6
and 7 where the self-assembly and chemistry of porphyrin molecules at this
interface will be discussed.
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4.1 Introduction
In this chapter, both the topography and electronic structure of the Au(111)/n-
tetradecane interface, as measured in the Nijmegen Liquid-cell STM, are dis-
cussed and compared to literature.
For the study of the electronic structure of surfaces in an STM, Scanning
Tunnelling Spectroscopy1 (STS) is commonly used. STS makes it possible
to probe the local electronic structure of a surface, and thus study electronic
properties of real-space features, such as defects and adsorbates. The combina-
tion of STM and STS has been very successful in the investigation of surfaces
and adsorbates. Some important examples are: chemical identification of sin-
gle atoms on the surface of an alloy2; inducing and monitoring all steps of a
chemical reaction on a Cu(111) catalyst3; and revealing the first and second
occupied and unoccupied molecular orbitals of molecules in a highly ordered
organic thin films4.
Aforementioned studies were all carried out in ultra-high vacuum (UHV)
conditions, or at low temperatures. These conditions are not realistic for many
chemical and biological systems, which take place in a liquid environment.
Over the last decade, STM studies at this interface have been increasingly
successful. Areas of research to which STM at the solid/liquid interface has
been applied include: the investigation of molecular electronics by self assem-
bly from solution5, the study of supramolecular self-assembly on surfaces6,
and the imaging and manipulation of highly ordered monolayers of large por-
phyrin complexes7. Surprisingly, while STM studies are abundant, there are
notably few cases where STS has been performed at the solid/liquid interface.
Reported results are, to the best of our knowledge, limited to the observation of
current-voltage curves which indicate rectifier-like behaviour of molecules8–13,
and current-distance curves, at the metal/electrolyte interface, showing oscil-
lations due to the ordering of water molecules in multilayers14. Until now it
has not been possible to assign discrete peaks in tunnelling spectra, obtained
at the solid/liquid interface, to known electronic states of the surface.
In this chapter, it will be demonstrated that also at the solid/liquid in-
terface STS can be a powerful tool for electronic characterization, by ob-
taining tunnelling spectra with distinct peaks that can be directly related to
peaks in the density of states of the surface. To do this, a model system of
known composition and with a distinct electronic signature was studied: the
Au(111)/n-tetradecane interface. The clean Au(111) surface has a distinct
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electronic structure because of the presence of a Shockley-like surface state,
which has been investigated by STS in ultra-high vacuum15. Furthermore,
the Au(111)/n-tetradecane interface has been studied by STM, and results
indicate a clean interface with the typical 23 × √3 reconstruction intact16.
The insulating liquid does not contribute to the electronic states in the region
around the Fermi energy, and is therefore not expected to induce peaks in
the tunnelling spectra. The absence of accessible empty states in the solvent
molecules ensures that the surface state electrons will remain confined to the
surface. Direct experimental evidence for the survival of the Au(111) surface
state upon the adsorption of n-tetradecane is not available, but it is known that
the image states on Ag(111) are preserved upon coverage by multiple layers
of n-alkanes17. Additionally it has been shown by electro reflectance spec-
troscopy measurements on Au and Ag electrodes in aqueous electrolytes that
unoccupied surface and image states can be observed at the metal/electrolyte
interface18–20.
4.2 Experimental
All measurements shown in this chapter were performed in the Nijmegen
Liquid-cell STM. Au(111) surfaces were prepared by evaporation of 99.99%
gold on mica films, and STM measurements were performed the same day,
directly after preparation of the films. For the measurements shown in this
chapter, no flame annealing was performed. The n-tetradecane was distilled
and purged with argon, all measurements were performed in the argon filled
bell jar. For further experimental details, see chapter 3.
4.3 Topography of the Au(111)/n-tetradecane interface
Before investigating the electronic structure of the Au(111)/n-tetradecane in-
terface, the topography of the interface will be studied. But first some prop-
erties of the Au(111) surface terminated by vacuum will be discussed.
4.3.1 Au(111)/ultra-high vacuum topography
In a Au(111) surface, exposed to ultra-high vacuum, the atoms in the surface
layer have a structure that is different from the structure of an equivalent
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layer in the bulk. This phenomenon is called a reconstruction, and the unit
cell of the reconstructed Au(111) surface is (22 ± 1) × √3, which amounts
to 63 ± 0.5A˚21. The reconstructed surface has a higher density than the
bulk, due to an average contraction of 4.2% along one of the three equivalent
[11¯0] directions21,22. The Au(111) surface has three directions equivalent to
[11¯0], by crystallographic conventions this set is indicated by 〈11¯0〉. The 〈112¯〉
directions are perpendicular to the 〈11¯0〉 directions. The atoms in the Au(111)
surface are not contracted in the 〈112¯〉 direction that is perpendicular to the
〈11¯0〉 direction along which the atoms are contracted. The visible effect of this
reconstruction in an STM image are pairs of stripes, which protrude from the
surface by approximately 0.15A˚, and run along one of the 〈112¯〉 directions21.
These protruding stripes are domain boundaries between the hcp (in the area
between the two stripes that make up a pair) and fcc (in the area between the
pairs) stacking types21. The Au(111) reconstruction also has a superstructure
in the form of a herringbone pattern. When the stripe pairs are traced for
approximately 15nm, they change direction to one of the other 〈112¯〉 directions.
This typically results in a herringbone pattern, with angles of 120◦.
A metal surface reconstruction can be altered by adsorbates, and vice versa
the adsorption of molecules can be influenced by the reconstruction. An influ-
ence of the Au(111) reconstruction on the chemisorption of alkanethiols has
been observed23, and the other way around, a Cu(110) surface reconstruction
was induced by the adsorption of p-Aminobenzoic Acid24.
4.3.2 Au(111)/n-tetradecane topography
At the interface with a flat solid, liquids of n-alkanes are known to have a
layered ordering, with the main axis of the molecules parallel to the surface.
At the n-hexadecane/Au(001) interface (at 350K), for example, 3 to 4 such
layers are present, with the first layer at a position of 3 to 4 A˚ above the gold
(centre to centre)25. At the interface of n-tetradecane with a Au(111) surface,
the liquid forms a crystalline monolayer above the bulk melting temperature
of 5.89◦C16, which is high enough to have areas of the interface covered by
a uniform crystalline monolayer even at room temperature, as can be seen in
figure 4.1.
Our experiments show that similar as to observed for Au(111) exposed to
ultra-high vacuum, Au(111) submerged in n-tetradecane has a reconstructed
surface, which can be seen as the lighter stripe pairs zigzagging from top to
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bottom in figure 4.1a and from left to right in figure 4.1b. The herringbone
pattern of this reconstruction can be used as a ruler to calibrate the STM
images, which allows for the precise measurement of distances and angles.
For the calibration procedure, as described in section 3.4.1, the following,
well established, characteristics of the Au(111) reconstruction were used: the
stripe pairs of the herringbone pattern of the reconstruction are along one of
the 〈112¯〉 directions, and the periodicity of the reconstruction perpendicular
to the stripe pairs (along the perpendicular 〈11¯0〉 direction) is 63± 0.5A˚. The
resulting, calibrated, STM images are shown in figure 4.1.
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Figure 4.1: Two calibrated constant current STM images ((a): I = 15pA,
Vsample = 200mV, (b): I = 5pA, Vsample = 200mV) of n-tetradecane self-
assembled to a Au(111) surface. The images are from two separate mea-
surements on different samples. The n-tetradecane molecules are organised in
lamellae, and the long-axis of the molecule makes a 60◦ angle with the lamellae.
The dashed lines indicate domain boundaries of the adsorbed n-tetradecane, the
different domains are marked with the letters A to E. The two vectors in the
bottom left corner indicate the [11¯0] and [112¯] crystal directions of the Au(111)
surface. Table 4.2 contains the measurements of the dimensions and orienta-
tion of the tetradecane lamellae. Table 4.1 contains the measurements of the
orientation and dimensions of the individual tetradecane molecules, for the do-
mains A,B and D in which individual molecules can be resolved, as determined
by the correlation method described in section 3.4.3.
From figures 4.1a and b, it can be seen that the Au(111)/n-tetradecane
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interface, as measured in the Nijmegen liquid-cell STM, is well defined and rel-
atively defect free. A close-up of the individual n-tetradecane molecules in the
monolayer can be seen in figure 4.2a. A few n-tetradecane molecules have been
drawn in to clarify the organisation of the molecules in the monolayer. Un-
derneath the n-tetradecane molecules, the 23×√3 reconstruction of the gold
is still present, as can be seen in figures 4.1a and b, as well as in figure 4.2a. A
cross-section taken perpendicularly through two periods of the reconstruction
is shown in figure 4.2b. The observed period, shape, and corrugation of this
reconstruction are in agreement with values obtained by UHV-STM measure-
ments26. The observation of an uncontaminated surface corresponds well to
the contamination rate calculations that were performed in chapter 2. The
potential presence of ordered layers of n-tetradecane above the first adsorbed
monolayer of n-tetradecane, as has been reported in literature25, will reduce
the diffusion constant perpendicular to the surface, which might be an addi-
tional cause for the low amount of contamination observed. However, proof
for the actual existence of these layers under the used experimental conditions
could not be established by STM measurements.
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Figure 4.2: (a) Calibrated constant current image (I = 10pA, V = 300mV)
of Au(111) with a self-assembled monolayer of n-tetradecane. The image was
correlation averaged to make the individual molecules more clear. Both the
reconstruction of the gold and the individual C14H30 molecules are discernible.
Models of some molecules are drawn in to indicate the structure of the mono-
layer. (b) Cross-section along the [11¯0] direction in figure 4.1 though two pe-
riods of the reconstruction. This cross-section shows the typical reconstruction
period and the alternating fcc/hcp domains.
In order to determine the precise orientation of the individual n-tetradecane
molecules with respect to the Au(111) surface and the lamellar structure of
the monolayer, the unit cell of the n-tetradecane monolayer was analysed with
the correlation method, as described in paragraph 3.4.3. The analysis was per-
formed on the STM measurement shown in figure 4.1a, on both the domains
A and B. The distributions of measured angles and lengths of the longest
unit cell vector of the n-tetradecane monolayer in domain A in figure 4.1a are
shown in figure 4.3.
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Figure 4.3: Length and orientation (with respect to the gold 〈11¯0〉 direction)
of the long unit cell vector tl of the n-tetradecane molecules in domain A of
the monolayer show in figure 4.1a, as determined by the correlation method
(see paragraph 3.4.3). The full set of measurements, including length and
orientation of the short unit cell vector, for both domains in figure 4.1a are
shown in table 4.1. (a) Distribution of measured lengths of tl, the unit cell
vector along the long axis of the n-tetradecane molecule. The mean value is
1.88nm with a standard deviation of 0.08nm. (b) Distribution of the measured
angles of the unit cell vector tl with respect to the nearest 〈11¯0〉 direction. The
mean value is 10◦ with a standard deviation of 1◦.
Table 4.1 shows that along the long axis (~tl) the n-tetradecane molecules
are packed quite tightly in the monolayer, with an n-tetradecane molecule
being 18.5A˚ long. Along the short axis (~ts) the packing is less tight. The width
of the n-tetradecane molecule (space filling, based on Van der Waals radius)
is 4.8A˚ in-plane with the carbon-carbon bonds, and 4.4A˚ perpendicular to
that plane, which suggests that the n-tetradecane molecules are oriented with
their carbon-carbon bonds parallel to the Au(111) surface, as has been drawn
in figure 4.2. The orientation of the lamellae, the domain boundaries in the
monolayer and the width of the lamellae were measured manually from the
STM images. The values are shown in table 4.2.
From the calibrated STM images in figure 4.1 and the corresponding data
in table 4.2 it can be concluded that only the direction of the domain bound-
aries (along the 〈11¯0〉 direction) and the orientation of the n-tetradecane
molecules in the lamellae (60◦ tilt with respect to the lamellar grooves) are
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Table 4.1: Orientation of n-tetradecane molecules on Au(111) in the domains
A,B and D in figure 4.1, as determined by the correlation method (see also
figure 4.3). ~tl Is the long unit cell vector of the n-tetradecane monolayer, the
long axis of the molecule is along this vector. ~ts Is the short unit cell vector of
the n-tetradecane monolayer. L denotes the width of the lamellae as calculated
by taking the inner product of ~tl and ~ts. For clarification, ~tl, ~ts, and L have
been drawn in in figure 4.2. The errors given are the standard errors, i.e., the
standard deviations of the measurements.
∠(~tl, 〈11¯0〉) ∠(~ts, 〈11¯0〉) ∠(~tl,~ts) |~tl| |~ts| L
(±2◦) (±3◦) (±3◦) (±0.5A˚) (±0.1A˚) (±0.6A˚)
A 9◦ 8◦ 59◦ 19.1A˚ 5.5A˚ 16.4A˚
B -6◦ -6◦ 60◦ 18.9A˚ 5.4A˚ 16.4A˚
D -4◦ -6◦ 62◦ 19.7A˚ 5.1A˚ 17.4A˚
well defined. The orientation of the lamellae with respect to the underly-
ing gold lattice, and therefore also the orientation of the individual molecules
within the lamellae with respect to the gold surface, varies significantly over
the different measurements. This variation is most evidently observed by the
angle between the lamellae on either side of a domain boundary: this angle
is always significantly larger than 120◦, which makes it impossible for both
domains to have lamellae oriented along equivalent crystal directions. These
observations are in contradiction with previous experiments in the literature,
which reported that the long axes of the n-tetradecane molecules are always
oriented parallel to one of the 〈11¯0〉 directions of the gold lattice27. Molecular
dynamics studies25 have shown that domains with intermolecular alignment
can form on any termination of an n-alkane liquid, because interaction be-
tween the long n-alkane molecules is strong enough to form ordered domains.
The STM measurements shown in this chapter corroborate these findings: the
observation that the crystal structure of the Au(111) surface at the interface
does not fix the molecular orientation of the n-tetradecane molecules in the
monolayer, suggests that the ordering is caused by interaction between the n-
tetradecane molecules. The observation that the domain boundaries are fixed
with respect to the Au(111) crystal structure, might be explained by the lower
interaction that n-tetradecane molecules close to the domain boundary have
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Table 4.2: Orientation of n-tetradecane lamellae on Au(111). ~d Denotes the
orientation of the domain boundary, ~l denotes the orientation of the lamellae
of the n-tetradecane molecules, and ~t denotes the orientation of the long axis
of the n-tetradecane molecules
∠(~d, 〈11¯0〉) ∠(~l, 〈11¯0〉) ∠(~l1, ~l2) L
(±2◦) (±2◦) (±2◦) (±0.5A˚)
a (A,B) 2 8, -8 136 16.4, 16.2
b (C,D,E) 2,2 4, -7,2 132, 129 16.9, 17.5 16.3
c 2 10, -5 135 17.6, 17.5
d 2,2 2, -5 128 16.9, 17.4
with their neighbours, compared to the interaction n-tetradecane molecules
in the middle of the domain have with their neighbours. This can cause one
domain to grow on the cost of the other at the domain boundaries, and can
cause the pinning of the boundary to the gold lattice.
We can conclude this paragraph by stating that the Nijmegen liquid-cell
STM allows for the study of a clean and well-defined Au(111) surface, with the
typical 23×√3 reconstruction intact. An ordered monolayer of n-tetradecane
can be present on the surface, but this does not influence the reconstruction
in a visible way. This observation indicates a low interaction between the
Au(111) and the n-tetradecane, which is also apparent from the observation
that the orientation of the n-tetradecane monolayer is not fixed with respect
to the Au(111) crystal structure. These results show that the conditions at
which the Au(111) surface has been measured under a layer of n-tetradecane,
are similar to those under which typical UHV-STM and -STS measurements
are carried out, with the notable difference: a liquid environment.
4.4 Electronic structure of the Au(111)/n-tetradecane interface
In the previous paragraph the topography of the Au(111)/n-tetradecane in-
terface has been explored, and it has been found that the topography of the
Au(111) surface covered by a liquid of n-tetradecane is similar to the Au(111)
surface in ultra-high vacuum. In this paragraph the electronic properties of
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the interface will be investigated by Scanning Tunnelling Spectroscopy (STS).
But before that, the electronic structure of the Au(111) surface terminated by
vacuum will be discussed.
4.4.1 Electronic structure of the Au(111) surface under ultra-high vacuum
Like many metal surfaces, the Au(111) surface possesses a very specific and
characteristic feature in its electronic structure: an electronic surface state. As
a result of the abrupt termination of the Kronig-Penney potential at the sur-
face of a bulk crystal, discrete energy levels, which are inaccessible to electrons
from the bulk crystal, appear in energy gaps. Vice-versa electrons trapped in
these energy levels cannot enter the bulk crystal, and are thus mostly lo-
cated outside of the crystal. These discrete energy levels are called electronic
surface states, and if they are occupied by electrons, these electrons form a
2-dimensional electron gas very close above the crystal surface. The existence,
energy level, and probability distribution of surface states, can be calculated
by the phase accumulation model. A calculation for the Au(111) surface has
been performed with a combination of the phase accumulation model and the
nearly free electron theory28, using literature values29. The solutions of these
calculations are shown in figure 4.4. In figure 4.4a, it can be seen that the
n = 0 surface state is occupied, because it has an energy level below the Fermi
energy. There is no second surface state at n = 1 because it is outside of the
gap; such a state (outside of the gap) is called an image state. The probability
distribution for the z-position of an electron in the n = 0 surface state of
Au(111) is shown in figure 4.4b. Of this distribution, 30% is outside of the
crystal, at a distance of approximately 1A˚ above the surface.
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Figure 4.4: (a) Solution of the phase accumulation model. The possible
solutions (phase=0,2π,4π, ...) are drawn in red. The gap is indicated by the
white area. There is only one solution in the gap, therefore Au(111) has only
one surface state at -564meV.(b) Probability distribution along the z direction
of an electron in the Au(111) surface state. 30% Of the probability distribution
is outside of the crystal, at a distance of ∼ 1A˚ above the surface.
The Au(111) surface state can be measured with scanning tunnelling spec-
troscopy (STS) because the occupied surface state constitutes an additional
tunnelling probability. This will be seen as a ‘bump’ in the differential con-
ductivity curves, which correspond to the density of states. This ‘bump’ is
located between the energy of the surface state and the Fermi energy. The
Au(111) surface state has been measured multiple times in a ultra-high vac-
uum STM15,30,31.
4.4.2 Electronic structure of the Au(111)/n-tetradecane interface
Scanning Tunnelling Spectroscopy (STS) measurements were performed at the
Au(111)/n-tetradecane interface. Normalized differential conductivity curves,
i.e., (dI/dV )/(I/V ) curves, obtained from two separate experiments per-
formed under identical conditions, are shown in figure 4.5. The spectroscopy
curves were taken with the feedback off, and simultaneously with a STM con-
stant current topography measurement. The experimental data obtained in
this manner consist of a topography image, with for each point of the to-
pography a measurement of the tunnelling current as a function of the bias
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voltage, a so called I(V ) curve. Both curves shown in figure 4.5 are normal-
ized derivatives of the average of several hundreds of I(V ) curves in an area
on a single, large (> 100nm2) terrace on the gold. All curves in the selected
area were used to calculate the average and no selection criteria were used.
The (dI/dV )/(I/V ) curves from both experiments have a single peak around
−430meV. The position of the peak falls well within the range of previously
reported values for the surface state on Au(111) as measured by UHV-STS:
−317meV30, −520meV31, and −400meV15. The peak is rather sharply termi-
nated at the left side, and falls off more slowly towards the Fermi level, which
is a result of the dispersion of the surface state electrons, and is in qualita-
tive agreement with results from UHV-STS. Therefore it is proposed that the
peak around −430meV represents an interface state, derived from the Au(111)
surface state.
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Figure 4.5: (a) (dI/dV )/(I/V ) spectroscopy curves, normalized differen-
tial conductance versus sample bias voltage. Spectra from two separate exper-
iments are shown (tip 1, setpoint: 300mV, 0.5nA, sweep: 0.3V→−0.7V; tip
2, setpoint: 300mV, 0.5nA, sweep: −0.7V→ 0.3V) which have been offset and
scaled for comparison. Each of the two curves are averages of several hundreds
of curves taken on a single terrace, and in a single measurement. Both curves
show a peak in the differential conductivity at ∼ −430mV. (b) The same spec-
troscopy curves, with the background removed by subtracting an exponential
fit to the whole curve.
In order to provide additional experimental evidence for attributing the
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observed peak in the STS curves to an electronic interface state, the behaviour
of the interface state near step edges, and on top of them was studied, because
it is well-known from UHV-STS measurements that a surface state is quenched
near steps and impurities30. Figure 4.6 shows spectroscopy curves taken from
a single combined STM and STS measurement featuring both an area with a
high step density as well as a large terrace. At the large terrace, a distinct
peak corresponding to the interface state is observed, while in the area with
the high step density, no significant peak is present. Clearly the interface state
is quenched in the vicinity of steps, which strongly supports the attribution
of this peak to an the interface state derived from the Au(111) surface state.
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Figure 4.6: (a) (dI/dV )/(I/V ) spectroscopy curves (setpoint: 300mV,
0.5nA, sweep: −0.7V→ 0.3V). The black curve is the average of ∼100 curves
taken on a single flat terrace, the grey curve is the average of ∼100 curves
taken on or in the vicinity of a step. All curves were taken from the same
topography+spectroscopy measurement, which took 30 minutes to complete.
The black curve contains a significant peak at ∼ −440mV, the grey curve
does not. (b) The same spectroscopy curves, with the background removed by
subtracting an exponential fit to the whole curve.
n-Tetradecane has a HOMO-LUMO gap of 14.5V32, and therefore the
bulk liquid, and also any adsorbed crystalline layers will have a large band
gap; so any states observed around the Fermi energy will not be directly a
result of states of the n-tetradecane. However, it has been shown that at
a metal/insulator interface the presence of the metal can induce states in
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the gap of the insulator. Such metal-induced gap states (MIGS) have been
investigated by NEXAFS33, EELS34, and by STS35. MIGS originate from
metal wave functions that penetrate into the insulator and induce the spilling
over of states from the valence and conduction band of the insulator into
the gap. Their energy should be close to the edges of either the valence or
conduction band of the insulator. Because of the large band gap of the n-
tetradecane, it is not expected that MIGS are present in the small energy
range around the Fermi energy that has been studied here. In light of this
and the earlier presented arguments, it is highly unlikely that the observed
interface state can be attributed to anything else than the Au(111) surface
state.
Although the spread in the literature values for the surface state binding
energy is large, these STS measurements indicate that when the Au(111) sur-
face is covered by n-tetradecane, the surface state survives and its energy is
not altered significantly (> 100meV) in comparison to the binding energy of
the surface state on clean Au(111). In order to get an estimate of the expected
energy difference between the surface state at the Au(111)/vacuum and the
Au(111)/n-tetradecane interface one can use the 1-dimensional phase accu-
mulation model combined with nearly free electron (NFE) theory28. In this
model, the barrier on the vacuum side is derived from the image potential. In
the presence of an adsorbate the image potential will be modified by dielectric
screening. One can approximate the effect of the modified image potential on
the surface state by modelling the adsorbate as a dielectric slab with the so
called dielectric continuum model36. However, it has been established that
when layers of NaCl are grown on Cu(111), the wavefunction of the surface
state does not change significantly as a result of the presence of the dielectric;
this implies that one can use first order perturbation theory to determine the
energy shift of the surface state37. This approximation is also valid for the
Au(111)/n-tetradecane interface, as n-tetradecane has an even lower dielectric
constant than NaCl (2.0 compared to 5.0 respectively). According to first or-
der perturbation theory, the energy difference between the Au(111)/vacuum
and the Au(111)/-tetradecane interface will be: ∆E =< Ψ | ∆V | Ψ >,
with the perturbation potential ∆V being the potential difference between
the different interfaces. Because the wave function Ψ is located close to the
surface (∼ 1A˚) and decays exponentially outside the Au substrate, only the
perturbation potential close to the Au substrate contributes significantly to
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∆E. The potential change close to the surface only results from the change
in the image potential by dielectric screening, and is not influenced by the
change of the workfunction. Applying first order perturbation theory to the
Au(111)/n-tetradecane interface a ∆E between 50meV and 100meV is found
(a shift towards the Fermi level), depending on the choice for cut-off and origin
of the image potential. This value is in qualitative agreement with our results.
4.5 Conclusions
Upon performing STS at the Au(111)/n-tetradecane interface, an interface
state was observed, which is derived from the Au(111) Shockly-like surface
state. The observed energy of this interface state does not significantly shift
(difference < 100meV) with respect to reported literature values for the energy
of the surface state on clean Au(111). This is in agreement with first order
perturbation calculations using the dielectric continuum model, which indicate
only a small shift in energy for the Au(111)/n-tetradecane interface state with
respect to the surface state on clean Au.
Evidently, the presence of the liquid does not significantly alter the elec-
tronic structure of the surface, and STS results obtained at the interface with a
chemically inert and low-polarisable liquid such as n-tetradecane can be com-
pared directly to UHV STS measurements. Furthermore, the prevailing elec-
tronic surface state of Au(111) observed in this paragraph, combined with the
observation of the undisturbed Au(111) surface reconstruction in the previous
paragraph strongly indicate that a Au(111) surface submerged in tetradecane
is directly comparable to a Au(111) surface in ultra-high vacuum. In more gen-
eral terms, this means that on a well determined solid/liquid interface, such
as the Au(111)/n-tetradecane interface, the Nijmegen liquid-cell is capable of
performing STM and STS measurements with similar quality and accuracy as
a ultra-high vacuum STM.
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CHAPTER 5
Surface modification in a liquid-cell STM
Aside from its use as a microscope with sub-nanometre resolution, thescanning tunnelling microscope can also be used to make nano scalemodifications to surfaces. This has been demonstrated in ultra-high
vacuum, but it can be done in liquids as well. In this chapter, we will show
the unique aspects of modifying a metal surface (bismuth) in a liquid-cell STM.
We will show, that the tip of the STM can be used to etch clean features into
the bismuth surface, without disturbing their surroundings. In addition we
will demonstrate that the addition of a molecular ‘stabilizer’ in the form of
n-alkanethiols significantly alters the properties of the metal-liquid interface,
and allows higher quality features to be etched into the surface.
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5.1 Introduction
In this chapter, tip-induced surface modification, which has recently drawn
attention as a method for the fabrication of nano scale structures1,2, will be
investigated at the liquid/solid interface. In addition, the adsorbate-induced
modification of the Bi(111)/n-tetradecane interface will be investigated. Un-
like in the previous and following chapters, the n-tetradecane/Bi(111) interface
investigated in this chapter is less well-defined. The atoms in the Bi(111) lat-
tice can not be resolved from the liquid-cell STM measurements, and Bi(111)
has no surface reconstruction such as Au(111). Furthermore, these studies
were performed before the liquid-cell STM was equipped with a bell-jar, and
therefore the measurements reported here were not performed in an argon-
purged, oxygen-free environment, such as the measurements reported in the
other chapters. The experiments were carried out after cleaving bismuth sub-
merged in the solvent, with a sample holder that functions as a cleaving stage.
This provides a sufficiently clean solid-liquid interface suitable for STM. The
low conductivity of the used solvent (n-tetradecane, Aldrich 99+%) prevents
large-scale surface modification due to classical electrochemistry, and the low
solubility of water (maximum concentration is 1.2·10−7 M) prevents corrosion.
The O2 density in n-tetradecane is only 5 times lower than under ambient con-
ditions3, but oxidation of the surface in solution will be significantly slower,
since in n-tetradecane O2 diffusion is slow
4 (see chapter 2). Furthermore, the
expected ordering of the solvent molecules in layers parallel to the interface as
seen on Au(111)5 and HOPG6 is expected to slow down O2 diffusion to the
surface even more. Calculations that have been carried out for n-hexadecane
on Au(111) show that up to several nanometres from the surface, the local
diffusion constant of O2 perpendicular to the surface is almost zero
7. This
means that oxidation of the surface on a large scale is unlikely, but the lack of
quantitative methods that allow chemical identification at the n-tetradecane-
Bi(111) interface makes it impossible to know the exact state of the surface i.e.,
whether it is partially oxidised or not. This lack of information restricts this
investigation of the n-tetradecane/Bi(111) interface reported in this chapter to
the study of topographical information. However, topographic features such
as roughness, reconstruction and dynamics of the surface are still of particular
importance to the fields of electrochemistry8 and catalysis9.
Chemical modification of metallic catalysts is of great importance to the
chemical and pharmaceutical industries. It has been suggested that organic
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molecules can modify a catalytic metal surface by either forming templates
which define its selectivity10 , and/or by inducing or lifting a reconstruction
of the metal surface which influences its surface reactivity11. The nature
of such processes is determined by interactions between the surface and the
adsorbed molecules. Such interactions are very local and can be described
by reducing the system to a small ensemble of surface atoms9. This local
character makes scanning probe techniques, such as scanning tunnelling mi-
croscopy (STM), useful tools for the study of chemical modification of a sur-
face. At the gas/solid interface, STM in ultra-high vacuum (UHV), combined
with electron- and X-ray spectroscopy, has uncovered many crucial aspects of
surface chemistry12 and structure13. At the solid-electrolyte interface, STM
combined with voltammetry has fulfilled a similar role14,15. For both inter-
faces, STM studies of the adsorption of a variety of organic molecules from
the gas or liquid phase to a number of metal surfaces have revealed interest-
ing cases of surface restructuring, sometimes accompanied by extensive mass
transport16,17.
This chapter presents liquid-cell STM investigations into surface recon-
structions and mass transport, induced by molecular adsorption and by the
STM tip, at the liquid/metal interface. Because voltammetry is impossible
in a non-polar liquid, and X-ray and electron spectroscopy are not available
for surfaces in solution, the investigations reported in this chapter are limited
to the observation and manipulation of the interface topography by STM.
Nonetheless, it is important to study such a liquid/metal interface, since it
is the natural environment of numerous catalytic systems18. The Bi(111)
surface is a suitable surface in this case, because it has previously been stud-
ied with UHV STM19, and the adsorption of organic molecules (D-ribose)
to this surface has been studied by voltammetry at the aqueous solution in-
terface20. It was decided to study the interaction of n-alkanethiols with the
n-tetradecane/Bi(111) interface, because the adsorption of these molecules has
been studied for numerous metal surfaces21, but not yet for Bi(111).
5.2 Experimental
Constant current STM measurements were carried out with a home-built
liquid-cell STM with built-in cleaving stage. The Bi was cut from a single crys-
tal (99.9999%) into bars of 1 mm2 cross section by spark erosion. The Bi bars
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(slightly notched, to better control cleaving) were mounted in the liquid-cell
annex cleaving stage with the Bi(111) plane parallel to the STM measurement
plane. The cell was then filled with the n-tetradecane solvent (Aldrich 99+%,
not distilled, not argon-urged), optionally containing octanethiols (Aldrich
99+%, not distilled, not argon-purged), and the Bi bar was cleaved by ap-
plying a small force parallel to the Bi(111) plane. During this procedure, the
cleaved surface was never exposed to air, and measurements could be started
within minutes after cleaving. Fur a more detailed description of the experi-
mental methods and apparatus, see chapter 3.
5.3 Bi(111) surface stabilisation by n-alkanethiols
In contrast to room temperature UHV-STMmeasurements on Bi(111)19, which
showed only small scale mobility in the form of twisted steps and curved cor-
ners, it turned out that the Bi(111) surface submerged in n-tetradecane was too
dynamic to obtain reproducible STM measurements. It is uncertain whether
this difference indicates a higher mobility of the n-tetradecane/Bi(111) inter-
face compared to a Bi(111) surface in ultra-high vacuum, or is caused by an
increased tip-sample interaction mediated by the solvent.
However, upon addition of millimolar concentrations of n-octanethiol to
the n-tetradecane, the extreme dynamics of the bismuth surface were sup-
pressed, and reproducible measurements of STM topographies became possi-
ble. Figure 5.1 shows an STM image of a Bi(111) surface cleaved and imaged
in n-tetradecane containing octanethiol (13 mM). The surface looks similar
to a clean Bi(111) surface cleaved in vacuum, as measured by UHV-STM19.
The only significant difference is the globular fine structure (3-5 nm) present
on the terraces, which is most likely due to adsorption of the octanethiols.
The amount of globular features was found to increase significantly over time,
resulting in a more rough surface. The shape and position of the surface steps
remained static.
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Figure 5.1: STM image (Vbias = 570 mV, Ibias = 34 pA) of a Bi(111)
surface cleaved and imaged in n-tetradecane containing octanethiol (13 mM),
imaged less than 1 hour after cleavage. The image is typical for a bismuth
surface cleaved in n-tetradecane containing this concentration of octanethiol,
featuring mono-atomic steps and large atomically flat terraces.
The considerable reduction of the surface dynamics observed upon the ad-
dition of octanethiol to the solvent strongly suggests the presence of an inter-
action between the Bi(111) surface and the thiol molecules. It can be assumed
that this interaction involves chemisorption and not physisorption, because
the Van der Waals interactions of the octanethiols with the Bi(111) can be
expected to be weaker than those of the solvent molecules (octanethiol has
a shape similar to n-tetradecane, but is significantly shorter, which normally
implies a weaker Van der Waals interaction). It is known that n-alkanethiols
chemisorb to a Au(111) surface from almost any solvent. The nearest match
in literature with the solvent/adsorbate combination used in our experiments
is the adsorption of dodecanethiol to Au(111) from a dodecane solution22,
but we have experimentally confirmed that octanethiols also adsorb from n-
tetradecane to Au(111). On a Au(111) surface submerged in a solvent with
an alkanethiol concentration in the micromolar to millimolar range, a densely
packed (
√
3 × √3) self-assembled monolayer (SAM) is formed with the alkyl
tails oriented at an angle of approximately 30◦ with the surface normal. Tak-
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ing into account the observed large influence of octanethiols on the surface
dynamics of Bi(111), and considering the fact that alkanethiols are known to
chemisorb to numerous metal surfaces, we propose that octanethiol forms a
SAM on Bi(111). The observed surface stabilization can then be attributed
to a lower surface diffusion constant of thiol-covered bismuth in comparison
to clean Bi(111), which is caused by Van der Waals interactions between the
alkyl tails in the SAM. For a SAM of dodecanethiol on Au(111), a reduction of
the surface diffusion constant by two orders of magnitude has been observed23.
A cartoon of how the alkanethiols are proposed to bind to and stabilize the
Bi(111) surface is shown in figure 5.4b. In this cartoon, the thiols are drawn
with an intact S-H bond, however, the fate of the hydrogen atom upon binding
of thiols to metal surfaces is still somewhat of an open question, and it seems
both thiolates (resulting from S-H bond cleavage) can coexist with the intact
adsorbed thiols24. It was found that if no easy route for hydrogen removal
is available then both in UHV25 and in solution26 the S-H bond of the thiol
is left intact when alkanethiols adsorb to gold. This appears to be the situ-
ation here, no easy route for the removal of hydrogen atoms is obvious in a
non-polar solvent, therefore it is tentatively proposed that for the adsorption
of octanethiols to Bi(111) the S-H bond is left intact.
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Figure 5.2: (a) STM image (Vbias = 600 mV, Ibias = 30 pA) of Bi(111)
imaged in n-tetradecane with octanethiol (1 mM). Curved and straight mono
atomic steps, and step-bunching are visible. The two surface morphologies
characteristic for this system are visible: a rough and globular surface (top) and
a flat surface with triangular holes of exactly one atomic layer deep (bottom).
(b) STM image (Vbias = 1200 mV, Ibias = 35 pA) of Bi(111) imaged in n-
tetradecane containing octanethiol (100 mM). This image shows the surface
morphology which is commonly observed for high octanethiol concentrations:
small islands of discrete height covered with a globular structure
An additional indication for the formation of a SAM of octanethiol on the
Bi(111) surface is the observation of triangular, one atom deep, pits on oth-
erwise flat terraces (figure 5.2a). SAMs of thiols on Au(111) surfaces exhibit
thiol-induced etch-pits, which are of similar shape and size27. The top half
of figure 5.2a shows a coexisting morphology consisting of stripes of irregular
shape, but with a discrete width (∼7 nm) oriented along the low-index crystal
directions. Both morphologies were stable in size and appearance over multiple
scans. We propose that the striped morphology is a surface reconstruction in-
duced by the binding of octanethiol. Obviously the effective surface area of the
striped morphology is larger than that of the flat terraces, and therefore more
thiols can chemisorb. The resulting energy gain might be the driving force
for the surface roughening. In figure 5.2b, a typical Bi(111) surface cleaved
in a n-tetradecane solution with a high octanethiol concentration (100 mM)
is shown. The fact that in this case the surface has a very rough morphology
supports the assumption that it is restructured to make the binding of more
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thiols possible.
5.4 Nano-scale surface modification with the STM tip
By choosing tunnelling parameters resulting in a relatively high tip-sample
interaction (Vbias = 600 mV, Ibias = 100 pA) and operating the STM in
normal imaging mode (scanning a square grid), it was found that well-defined
square-shaped depressions of several nanometres deep could be etched into the
Bi(111) surface in a n-tetradecane octanethiol solution, with a higher than
1mM concentration (figure 5.3). Although a considerable amount of material
was displaced to form the depression (roughly estimated from figure 5.3a:
4.5 · 105nm3, corresponding to 1.3 · 107 atoms), no significant changes were
observed on the surface in the vicinity of the depression. This suggests that the
displaced bismuth is somehow dissolved into the solvent; i.e., one can “mill”
nano scale features into the surface by tip-induced dissolution. It should be
noted that for less “aggressive” tunnelling parameters (Vbias = 600 mV, Ibias ∼
1 pA) the etched feature is very stable. The precise mechanism of the bismuth
dissolution is as yet unknown. Obviously, bismuth ions cannot dissolve in
the non-polar subphase. However, considering the known strong interactions
between thiolates and Bi3+ 28, and the existence of several Bi(III)thiolates, we
propose that the Bi is dissolved as a complex of Bi3+ and 3 octanethiolates29 .
A cartoon illustrating this dissolution is shown in figure 5.4a.
Figure 5.3b shows an STM image of the etching process carried out at a
lower octanethiol concentration (1 mM), which results in a less sharply ter-
minated depression than at high thiol concentrations. At 1 mM thiol concen-
tration, the surface was also found to be more dynamic than at higher thiol
concentrations. Even when the surface was scanned with a very high tunnel
resistance (Vbias = 800 mV, Ibias ∼ 1 pA) the depression was changing shape
rapidly, and large scale three-dimensional mass transport was observed.
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Figure 5.3: (a) STM image (Vbias = 580 mV, Ibias = 28 pA), with cor-
responding height profile (c), of Bi(111) imaged in n-tetradecane with a high
(10 mM) octanethiol concentration, after etching (by scanning the tip) for 24
hours (48 full scans). (b) STM image (Vbias = 510 mV, Ibias = 28 pA), with
corresponding height profile (d), of Bi(111) imaged in n-tetradecane with a low
(1 mM) octanethiol concentration, after etching for 24 hours (48 full scans).
A case of nano-scale tip-induced surface modification in UHV and under
ambient conditions was observed for a SAM of dodecanethiol on Au(111),
which was called “nano paint-stripping”30. In that particular case, a rect-
angular depression could be etched by brushing aside the thiol-covered top
layer of gold atoms, after which new thiols could bind to the exposed gold
so that the next layer could be removed. Calculations have shown that for
removing such a layer the presence of a SAM of thiols is required, because it
reduces the binding energy between the gold atoms in the surface layer and
the bulk by a factor of 32. A similar effect might explain the tip-induced
dissolution of bismuth. Apparently, “nano milling” by tip-induced dissolution
reported here is essentially the same in both method and mechanism as the
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“nano paint-stripping”, but with the difference that for bismuth, the thiolate
metal complex is dissolved into the solvent instead of relocated onto the sur-
face. A benefit of “nano milling” over “nano paint-stripping” is that because
the material removed from the surface is dissolved, and not relocated onto the
surface, nano-scale surface modifications can be carried out without disturbing
the area surrounding the modification. This allows for closer packed features
milled into a surface, and better control of the modifications.
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Figure 5.4: (a) Cartoon illustrating the tip-induced removal of Bi atoms
from the Bi(111) surface in the liquid-cell STM. The Bi(111) surface is covered
with a monolayer of octanethiols, and the Bi atoms that are removed from
the surface are dissolved as complexes of Bi3+ and three octanethiolates. (b)
Zoom-in of (a), showing the SAM of octanethiols on the Bi(111) surface and
the dissolved complexes of Bi3+ and three octanethiolates in more detail.
5.5 Conclusions
Liquid-cell STM measurements on a freshly cleaved Bi(111) surface submerged
in a solution of octanethiol in n-tetradecane have shown that the surface dy-
namics and morphology are strongly dependent on the octanethiol concentra-
tion. One atomic layer deep pits were observed, similar to the etch pits on an
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alkanethiol covered Au(111) surface. These findings suggest that octanethiols
chemisorb to the Bi(111) surface in a manner comparable to the way alkanethi-
ols chemisorb to a Au(111) surface. It is proposed that, as for alkanethiols
on Au(111), the binding of the octanethiols to bismuth reduces the surface
diffusion constant, which makes the surface more static. For low octanethiol
concentrations (< 10−5 M) the surface was found to be very dynamic, which
made reproducible STM measurements impossible. For high concentrations
(> 10−1 M) the surface was completely covered with a rough globular struc-
ture. It is proposed that this structure is a reconstruction induced by the
octanethiols in order to facilitate the binding of more octanethiols by increas-
ing the effective surface area.
It was found that the liquid-cell STM could be used as an efficient “nano
milling” tool. Nano-scale features could be etched by tip-induced dissolution
in a precise and controlled way, without disturbing the area surrounding the
modification. It is proposed that the binding of the thiols reduces the binding
energy between the bismuth atoms at the surface and those in the bulk, as
is the case for thiols on Au(111). The relatively weak tip-sample interactions
are proposed to force the bismuth atoms to dissolve as Bi(III)thiolates.
The results presented in this chapter are interesting examples of octanethiol-
induced surface reconstructions and tip-induced surface modifications at the
Bi(111)/n-tetradecane interface. The nano-milling might have an application
for nano-patterning and the fabrication of nano-devices. The thiol-induced
surface reconstruction might be of use to increase metal surface areas, which
is of great interest for surface-based catalytic and (electro) chemical reactions.
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CHAPTER 6
Self-assembly and templated assembly of porphyrins
The ability to adsorb a molecule of choice to a surface or interface pro-vides an almost unlimited range of possibilities for making functionalsurfaces, which can have many applications in surface catalysis, biosen-
sors, molecular memory and so forth. The precise characteristics of a function-
alised surface are dependent on the specific orientation and ordering of the ad-
sorbed molecules on the surface. In chapter 4, the orientation of n-tetradecane
molecules has been studied at the Au(111)/n-tetradecane interface. In this
chapter, the assembly of porphyrins at the same interface will be studied. It
will be shown that both the ordering of a first layer of n-tetradecane, and
the orientation of the Au(111) reconstruction can direct the ordering of por-
phyrin molecules that are added to the subphase. A good understanding of the
organisation of porphyrin molecules at this solid/liquid interface is of impor-
tance for the work described in chapter 7, where the catalytic function of an
Au(111)/n-tetradecane interface functionalised with Mn-porphyrin molecules
will be investigated.
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6.1 Introduction
In spite of the usual presence of a self-assembled monolayer of n-tetradecane
molecules at the Au(111)/n-tetradecane interface, as has been established in
chapter 4, porphyrin molecules can still adsorb to this interface and form self-
assembled monolayers in large highly ordered domains. In this chapter, the
same methods used in chapter 4 to quantify the properties of the n-tetradecane
monolayer will be used to study the properties of self-assembled monolayers
of porphyrins Mn1 and Ni1 at the Au(111)/n-tetradecane interface.
(a) (b)
Figure 6.1: (a) Molecular structure of Mn1. The central Mn(III) has an
axial chloride counter ion. (b) Molecular structure of Ni1.
6.2 Experimental
The STM images shown in this chapter were measured in the Nijmegen Liquid-
cell STM, in argon-purged and distilled n-tetradecane, and in an argon-filled
bell-jar. The Au(111) surface was made by annealing a freshly evaporated
gold film in a hydrogen flame. During all measurements, care was taken that
no oxygen or other contaminants entered the system. See chapter 3 for further
experimental details.
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6.3 Self-assembled monolayers of porphyrins
In this paragraph, the formation of self-assembled monolayers of manganese
and nickel porphyrins at the Au(111)/n-tetradecane interface will be discussed.
6.3.1 The lattice of self-assembled monolayers of manganese porphyrins
A diluted solution (∼ 10−5M) of manganese porphyrin Mn1 was prepared in
distilled and argon-purged n-tetradecane. The liquid-cell STM was filled with
this solution, and a flame-annealed gold film was mounted into the liquid-
cell immediately after annealing. After flushing the bell-jar with argon, the
STM measurement was started. In the first STM image, approximately 15
minutes after submerging the Au(111) surface in the solution, a fully formed
self-assembled monolayer of the porphyrins was observed at the solid/liquid in-
terface. In the STM image (figure 6.2) the herringbone pattern of the Au(111)
23×√3 reconstruction is still clearly visible through the finer structure of the
porphyrin monolayer as bright stripe pairs. The appearance of the reconstruc-
tion is similar to the one observed for a clean Au(111) surface. Apparently, as
is the case for the adsorption of n-tetradecane, the adsorption ofMn1 does not
necessarily destroy or significantly alter the reconstruction. The STM image
in figure 6.2 has been calibrated, using the known orientation and periodicity
of this reconstruction.
In the STM image shown in figure 6.2, four different ordered domains are
observed. In order to determine their unit cells, the correlation method de-
scribed in section 3.4.3 was applied. It turned out that the porphyrins in
domain B and in domain C have the same lattice and absolute orientation,
in spite of the fact that the reconstructed Au(111) surface in domain B has
an orientation which is different from the one observed in domain C. This
observation indicates that the Au(111) reconstruction does not uniquely de-
termine the orientation ofMn1 in the monolayer. The porphyrin molecules in
domain D are less well-resolved than those in the domains A, B and C. How-
ever, the lattice vectors of domain D can still be determined, but they should
be considered to have a larger error. Figure 6.3 shows the unit cells in the
monolayer as found by the correlation method. The domain boundaries are
difficult to discern, because around them the monolayer is less organised. The
dashed lines in figure 6.3 are a best effort indication of these domain bound-
aries, but their exact positions and orientations will have a large uncertainty.
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From the distribution of the unit cells in domains A, B and C (red and green
dots in figure 6.3) an observation can be made that can not be easily seen
by the naked eye in figure 6.2: the monolayer has a superstructure. The unit
cells of domains A, B and C, as found by the correlation method, appear to
contain not one, but two porphyrin molecules. For domain D, the correlation
method finds an even larger unit cell. The precise dimensions of the lattices,
as measured by the correlation method, are shown in table 6.1.
Table 6.1: Lattice vectors and unit cell parameters of the various domains
of Mn1 on Au(111). For domains A, B, C, E and F (figures 6.3 and 6.5) the
lattice vectors have been determined by correlation method. Domain D is too
small and too poorly resolved to apply the correlation method, and the values
have been measured by hand, which thus are less accurate. For the domains A,
B and C, lattice vector ~b is the longest lattice vector, spanning two porphyrin
molecules; vector ~a is the shortest lattice vector, spanning only one porphyrin
molecule. For domains D, E and F the unit cells consist of only one porphyrin
molecule. L is the height of the double porphyrin unit cell (A, B and C only),
determined by the component of ~b perpendicular to ~a
∠(~a, [11¯0]) ∠(~b, [11¯0]) ∠(~a,~b) |a| |b| L
(±2◦) (±2◦) (±2◦) (±0.5A˚) (±0.5A˚) (±1A˚)
A 27 4 83 9.9 21.2 21
B=C -1 -7 66 12.0 19.6 18
D 34±4◦ -16±4◦ 49±4◦ 11.3(±1A˚) 7.9(±1A˚)
E 31 -12 78 10.1 14.4
F -31 9 81 10.6 13.8
In domain D the short lattice vector ~Da runs clearly along the herring-
bone lines of the Au(111) reconstruction. Considering the length of the long
lattice vector ~Db, it is most likely determined by the unit cell of the Au(111)
reconstruction, which is 6.3±0.05nm1,2. The width of the unit cell of the
superstructure in domain D (L in the table) is 5.3nm, which is significantly
smaller than the 6.3nm period of the Au(111) reconstruction. This difference
indicates, in all likelihood, that the superstructure observed in domain D is the
result of the superposition of the porphyrin lattice and the reconstruction her-
ringbone. Such a superposition of two lattices into a superstructure which is
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not periodic can result if the two lattices are incommensurable. This is clearly
the case for domain D. The absence of a regular unit cell has been indicated in
figure 6.3 in which the widths of two distinctly different superstructure periods
have been drawn in.
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Figure 6.2: Calibrated constant current image (I = 5pA, Vsample =
−200mV) of a self-assembled monolayer ofMn1 at the Au(111)/n-tetradecane
interface. The Au(111) 23×√3 reconstruction is visible through the finer struc-
ture of the porphyrin monolayer as bright wide bands. The reconstruction has
been used to calibrate the image, as has been described in sections 3.4.1, and
4.3.2. Four large domains are distinguishable in the monolayer, and the lattice
vectors have been drawn in each domain as guides to the eye.
The distribution of the unit cells shown in figure 6.3, and in particular the
two-by-one porphyrin unit cell of the monolayer are reminiscent of the lamellar
organisation of n-tetradecane on Au(111) as observed in chapter 4. In partic-
ular domains B and C would fit well on a typical n-tetradecane monolayer; the
short lattice vector ~a would be along the direction of the n-tetradecane lamel-
lae, and the height of the unit cell perpendicular to ~a (17.9 ± 0.5A˚) matches
the observed width of the n-tetradecane lamellae (16.4 − 17.4A˚) quite well.
And although ill determined, the domain boundaries between the domains A,
B and C are approximately along a 〈11¯0〉 direction of the gold lattice, as are
the observed domain boundaries between the different n-tetradecane domains.
Figure 6.4a and b, show cross sections taken along the lattice vector direction
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in domain A and C in figure 6.2. In these cross sections the superposition
of the Au(111) reconstruction periodicity and the porphyrin lattice results in
a complex and hard to read corrugation. The presence of a super structure,
which is evident from figure 6.3, is more difficult to discern in the cross sections
Ab and Cb, which are both along the long lattice vector of the unit cell con-
taining two porphyrins. However, an indication of a two porphyrin wide super
structure can be observed: the dip in the corrugation between two adjacent
porphyrins is, significantly but not consistently, alternating between deep and
shallow.
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Figure 6.3: The same STM image as shown in figure 6.2, but with the lattice
drawn in as found by the correlation method. It appears that domains B and C
have an identical ordering; their lattices are indicated by red dots. The lattices
of domain A and D are different, and are marked by green and yellow dots,
respectively. Due to the lesser degree of organisation of the porphyrins in the
regions between the domains, the exact location and orientation of the domain
boundaries is hard to resolve. The white dashed lines are a best effort attempt
of marking these domain boundaries; their position and orientation should be
considered to have larger than usual errors (±5nm, ±5◦).
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Figure 6.4: (a) Cross sections along the lattice vectors of domain A in fig-
ure 6.2. (b) Cross sections along the lattice vectors of domain C in figure 6.2.
The indications of a double porphyrin unit cell are most apparent by looking
at the dip in the corrugation between two adjacent porphyrins, which is gen-
erally alternating between deep and shallow. The alternating light and dark
background is drawn as a guide to the eye, in such a manner that most of the
deep dips in the corrugation fall into the light areas, and the shallow dips fall
into the dark areas. The match of deep dips to light areas, and shallow dips to
dark areas is not perfect (green dots indicate a match, the red crosses indicate
a mismatch) but it is significant (21 matches versus 7 mismatches).
Although the image in figure 6.2 gives no conclusive evidence, it indicates
that the ordering of the Mn1 monolayer in the domains A, B, and C might
be determined or influenced by a hidden or no longer present n-tetradecane
monolayer as observed in chapter 4. Whether such a n-tetradecane monolayer
has had a similar influence on the porphyrin lattice in domain D is impossi-
ble to say based on these STM measurements, as the superstructure caused
by the reconstruction herringbone conceals any subtle effects this monolayer
might have had. From the multitude of measurements that have been per-
formed, the porphyrin ordering as observed in domain D is the most common,
often covering the entire surface (figure 6.5). These observations suggest that
there is an influence of the Au(111) reconstruction on the formation of the
porphyrin monolayers, and that the resulting porphyrin ordering templated
by this reconstruction is the energetically most favourable morphology.
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Figure 6.5: Calibrated constant current image (I = 3pA Vsample =
−200mV) of a self-assembled monolayer ofMn1 at the Au(111)/n-tetradecane
interface. The porphyrin lattice follows the herringbone reconstruction of the
Au(111), as observed in domain D in figure 6.2. The superstructure observed
as brighter porphyrin rows in image (a) is caused by a superposition of the
herringbone reconstruction of the Au(111) surface and the porphyrin lattice.
This superstructure is more clearly seen in image (b), where its unit cell has
been found by the correlation method, and is marked by red and green dots for
the two unique domains present in this image. The observed superstructure in
the porphyrin monolayer has been used to calibrate the image; however, this
superstructure, which results from a superposition of the porphyrin lattice and
the reconstruction herringbone of the Au(111) surface, has been observed to
be irregular earlier in this paragraph. This affects the quality of the calibration;
7 periods of the reconstruction have been used to reduce the effect of the ir-
regular superstructure, but still this calibration should be considered to be less
accurate than a calibration performed directly on the Au(111) reconstruction
herringbone.
6.3.2 Dynamic adsorption study of nickel porphyrins
To further investigate the potential influence of the reconstruction herringbone
of the Au(111) surface and the n-tetradecane monolayer on the subsequent for-
mation and ordering of a porphyrin monolayer, an STM experiment was per-
formed to image the porphyrin monolayer during its nucleation and growth. It
was started with a Au(111) surface submerged in pure n-tetradecane, and once
a stable image of the n-tetradecane monolayer had been acquired, a droplet of
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a solution of Ni1 porphyrin in n-tetradecane (∼ 10−3M) was carefully added
to the liquid-cell. After ∼ 60 minutes, a delay which corresponds to the time
it takes for the porphyrin molecules to diffuse to the surface area underneath
the tip (see paragraph 2.4), the first molecules were observed to bind to the
surface. The sequence of STM images acquired during the formation of the
monolayer is shown in figure 6.6. In images b, and c, the first Ni1 adsorbs to
the surface at the elbows of the Au(111) reconstruction, which are known to be
preferential adsorption sites; the elbows are the nucleation sites for the growth
of Mn3 and Ni4 films on a reconstructed Au(111) surface. The observation
that the elbows of the Au(111) surface reconstruction are preferential adsorp-
tion sites for Ni1, strongly suggest that the metal centre of the porphyrin
plays a role in the adsorption of Ni1 to a Au(111) surface. It is unlikely that
this preferential adsorption is caused by an interaction of the porphyrins alkyl
tails with the reconstruction, because the reconstruction was found not to have
any influence on the formation of n-tetradecane self-assembled monolayers in
paragraph 4.3.2. After the initial nucleation, the adsorption rate of porphyrins
starts to increase rapidly, and in image d a large amount of disorder can be
seen. Some lines of two porphyrins wide are formed left of the middle and
in the lower right corner of the image. In images e and f, the monolayer of
adsorbed porphyrins is already in a more ordered state. The (former) position
of the domain boundary between the different n-tetradecane domains (white
dashed line) does not have an observable effect on the organisation of the por-
phyrins, as can be seen in image f. From image e onward, a superstructure
appears in the porphyrin ordering, which strongly resembles the herringbone
pattern of the Au(111) reconstruction. This superstructure appears to be
very similar to the superstructure observed in domain D in figures 6.2 and 6.5.
However, it does not match with the reconstruction herringbone as is observed
in the images a, b and c. This can be seen best by looking at the green dashed
guides to the eye that have been drawn through the herringbone elbows, as
they were in image b. Furthermore, the monolayer observed in images e and f
is not in equilibrium; the porphyrins in the monolayer are still reordering, and
its herringbone superstructure is still shifting. Only in images g, and h the
final equilibrium state is reached, where the herringbone porphyrin superstruc-
ture seems mirrored with respect to the original reconstruction herringbone.
There seems to be no significant influence of the initially present n-tetradecane
monolayer on the porphyrin ordering, which is best observed by the fact that
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the domain boundary in the n-tetradecane monolayer (marked by the white
dashed line) has no discernible effect on the porphyrin lattice. Whether the
n-tetradecane monolayer is still present after the adsorption of the porphyrins
is impossible to deduce from these measurements.
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Figure 6.6: Sequence of calibrated constant current (I = 7pA, Vsample =
200mV) STM images taken during the formation of a Ni1 porphyrin mono-
layer at the Au(111)/n-tetradecane interface covered with a highly ordered
n-tetradecane monolayer. Image (a) was taken before any porphyrins have ar-
rived, subsequent images were taken every 7 minutes. Image (a) is a typical
STM image of a clean Au(111)/n-tetradecane interface covered with a highly
ordered self-assembled monolayer of n-tetradecane, which has been character-
ized extensively in paragraph 4.3.2. The herringbone pattern of bright stripe
pairs which is characteristic for the Au(111) surface reconstruction is clearly
visible, and the positions of its elbows as recorded in image (a) have been
marked by green dashed lines in subsequent images. The lamellar structure of
the n-tetradecane monolayer can be clearly observed, running roughly vertically,
with a domain boundary approximately through the middle of the image. The
position of this domain boundary as recorded in image (a) has been marked
by a dashed white line in the subsequent images. In images (b) and (c), the
first porphyrins adsorb to the interface, with a preference for the elbows of
the Au(111) reconstruction. In image (d) many porphyrins have adsorbed, but
there is little large-scale ordering, although rows of two porphyrins wide can be
seen left of the middle, and in the lower right corner of the image. In images
(e) and (f) the monolayer of Ni1 porphyrins is quite ordered, but not yet at
equilibrium. In images (g), and (h), the monolayer has reached equilibrium.
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A reordering of molecules in a lattice from an initial short lived state, to
a final stable state, such as observed for the adsorption of porphyrins in fig-
ure 6.6 is not uncommon in the growth of crystalline monolayers; it has been
observed in the growth of Langmuir monolayers5 as well as in the growth of
self-assembled monolayers on graphite surfaces6. Typically the initial, short
lived, phase observed in the images e, and f is the kinetic form, the final
stable monolayer observed in images g, and h is the thermodynamic form.
It is unclear from these measurements whether the specific ordering of the
n-tetradecane at the interface has any influence on either the kinetic or ther-
modynamic form of the porphyrin monolayer. However, it is clear that the
herringbone pattern of the Au(111) reconstruction influences the ordering of
the porphyrins. For the kinetic form, the elbow points of the reconstruction
are the preferential adsorption sites. In the thermodynamic form, the influ-
ence of the Au(111) reconstruction is more ambiguous; from domain D in
figure 6.3, and from figure 6.5 it was seen that the porphyrin lattice can be
formed along the Au(111) reconstruction herringbone, and that this is the
most common, although not exclusive form in which the porphyrins, under
these circumstances, assemble into a monolayer at the Au(111)/n-tetradecane
interface. Yet, in figure 6.6e through h it can be seen that the herringbone
ordering of the porphyrins, though very similar in shape to the herringbone
of the Au(111) reconstruction, is shifted in position with respect to the ini-
tial reconstruction herringbone as present in images a,b and c. The strong
match in shape between the herringbone-like porphyrin ordering and the her-
ringbone of the Au(111) reconstruction is remarkable considering that there
is no one-to-one match. There are two possible explanations for this phe-
nomenon. The first possibility is that the porphyrin ordering does match
the Au(111) reconstruction, but due to the adsorption of the porphyrins the
Au(111) reconstruction is modified. This means that during the reordering of
the porphyrin monolayer, during which its herringbone superstructure shifts
in position, also the Au(111) reconstruction is shifted in position. The second
possibility is that the herringbone ordering of the porphyrin monolayer qualita-
tively matches the reconstruction herringbone, solely because the monolayer
is grown from multiple nucleation points positioned on the elbow points of
the reconstruction herringbone. This would explain the matching periodicity
quite well: patch-like growth would start at the elbow points of the recon-
struction, and the patches would fuse together somewhere halfway. However,
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the observation that the angles of the porphyrin herringbone match the 120◦
angle of the reconstruction herringbone, as well as the fact that the width of
the porphyrin herringbone matches the 6.3nm period of the Au(111) recon-
struction can not be explained in this manner. The strong, now quantified,
similarity between the herringbone superstructure observed in the porphyrin
monolayer, and the observed herringbone of the Au(111) reconstruction can
leave only one conclusion: the observed superstructure is the direct effect of
the Au(111) reconstruction. The measurements shown in figure 6.6 together
with the observations made from the measurements shown in figures 6.3 and
6.5 show that monolayer growth of porphyrins on the Au(111)/n-tetradecane
interface can be, but not necessarily is, templated by an initially present her-
ringbone reconstruction of the Au(111). During the templated growth of the
porphyrin monolayer, the reconstruction of the Au(111) surface is changed,
which is most evidently observed by the shifting position of the elbows of the
herringbone in figure 6.6. Furthermore, from the multitude of measurements
performed, it was observed that this monolayer templated by the Au(111)
reconstruction is the most frequently occurring form. Whether the initially
present n-tetradecane monolayer influences the resulting porphyrin monolayer
has not been clearly established in this paragraph. Measurements on the less
frequently occurring morphologies of the porphyrin monolayer as shown in do-
mains A, B and C of figure 6.3 seem to indicate a possible influence, while the
more frequently encountered morphology as seen in domain D in figure 6.3, in
figure 6.5, and in the dynamic adsorption measurements shown in figure 6.6,
all indicate that there is no influence. This ambiguity might be caused by an
n-tetradecane templated monolayer of porphyrins that only exists as a kinetic
intermediate state. Whether this is the case, will be further investigated in
the next paragraph, where the growth rate of the monolayer is slowed down
significantly by using a very dilute porphyrin solution.
6.4 n-Tetradecane-templated growth of porphyrin lines
As has been demonstrated in the previous paragraph, the formation of a por-
phyrin monolayer can go through a kinetically stable form before reaching
the final thermodynamically stable form. To investigate such an intermediate
kinetic morphology further, and to investigate the still unclear influence of
any initial n-tetradecane monolayer on the formation of the porphyrin mono-
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layer, an experiment was performed in a solution with a very low concen-
tration of porphyrins. A flame annealed Au(111) surface was submerged in
the liquid-cell STM filled with a Mn1 porphyrin solution ([Mn1]=∼ 10−8M)
in argon-purged and distilled n-tetradecane. With the exception of a lower
concentration of Mn1, the experimental conditions are identical to the ex-
periments described in paragraph 6.3. As a result of the low concentration
of Mn1, the monolayer formation is slowed down significantly. Only after
approximately two hours, the first adsorbed Mn1 porphyrins were observed
at the solid/liquid interface.
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Figure 6.7: Calibrated constant current STM image (I = 10pA, Vsample =
−200mV) of double rows ofMn1 templated by an n-tetradecane self-assembled
monolayer. The two long white arrows marked A and B indicate the cross-
sections shown in figure 6.9. The smaller unlabelled white arrows serve as
guides to the eye to mark the double lines of the herringbone of the Au(111)
reconstruction. Quantitative measurements of the orientation and spacing of
the porphyrin rows are given in the caption of figure 6.8
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This experiment led to a remarkable discovery: at very low coverages,
the Mn1 porphyrins assemble in rows on top of the n-tetradecane monolayer
(figure 6.7). A small fraction of the porphyrins was found to form single
rows (bottom left corner in figure 6.7), but mostly double rows are formed,
and the single rows were found to be less stable over time; they either dis-
appear, or grow into double rows. Surprisingly, the porphyrins’ organization
in rows is unrelated to the herringbone of the Au(111) reconstruction. The
bright double lines of the reconstruction can be seen with difficulty, but un-
ambiguously, through the n-tetradecane monolayer. The porphyrin rows are
clearly templated by the n-tetradecane lamellae, the metal-containing centres
of the porphyrins are exactly on top of the gutter between the n-tetradecane
lamellae. This observation supports the existence of a direct interaction be-
tween the gold surface and the metal-containing centres of the porphyrins,
which was proposed in the previous paragraph to explain the observation that
metal-containing porphyrins preferentially adsorb to the elbows of the Au(111)
surface reconstruction. It has been established in paragraph 4.3 that the gut-
ter between the n-tetradecane lamellae is around 1 to 2A˚ wide, significantly
larger than the Shannon ionic radius7 of the manganese ion which is in the
range of 0.6 to 0.8A˚, depending on its oxidation state (III or IV).
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(a) (b)
Figure 6.8: Cartoon illustrating ordering of porphyrins in single (a) and
double (b) rows, as observed in figure 6.7. The position of the porphyrin
centres (red squares) are drawn exactly as determined from the STM image
in figure 6.7. The porphyrin’s alkyl tails (black zigzag lines) are drawn to
scale, and the cartoon gives a suggestion of a possible orientation (the alkyl
tails cannot be resolved in figure 6.7, so their actual orientation can not be
determined). The alkyl tails of the porphyrins in the rows are draw so that
they match the orientation of the n-tetradecane molecules and this illustrates
the fact that if fully extended, the porphyrin’s alkyl tails extend all the way
over the n-tetradecane lamellae. The alkyl tails of the isolated porphyrin in (a)
are drawn extending in a straight line from the porphyrin centre. The almost
vertical grey lines indicate the gutters between the n-tetradecane lamellae, the
smaller black lines at a 60◦ angle with the gutters indicate the division of the
lamellae into individual n-tetradecane molecules. The porphyrin rows make a
46◦ angle with the tetradecane lamellae, the spacing between the porphyrins
in the single row is 2.3nm, which is the same as the spacing along the row in
the double row in (b). The distance between two porphyrins across the double
rows in (b) is 1.7nm.
While the preferential binding in the gutter between the n-tetradecane
lamellae limits the porphyrin adsorption sites in one direction (horizontally in
figure 6.7), there is nothing that limits them in the other (vertical) direction.
The multitude of possible binding sites in the gutter should in principle involve
equal interactions, and one would therefore expect a random distribution of
porphyrins along the gutters. The obvious two phenomena that might explain
why the porphyrins are organized in rows, and not distributed randomly in
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the gutters, are domain boundaries in the n-tetradecane monolayer, and the
herringbone of the Au(111) reconstruction. However, it has already been es-
tablished that the Au(111) reconstruction is unrelated to the porphyrin double
rows (see white arrows in figure 6.7), and, because the individual n-tetradecane
molecules can be resolved in the monolayer, it can be seen that there are no
domain boundaries present. Therefore the double rows of porphyrins can only
be explained by an interaction between the porphyrins themselves. It is pro-
posed that the observed ordering of the porphyrins in double rows is caused
by a reordering of the porphyrins after adsorption, which implies that the
porphyrins can move parallel to the interface after adsorption. An alternative
mechanism is the preferential adsorption of porphyrins to sites directly next
to already adsorbed porphyrins. It is impossible to determine with certainty
which of these mechanisms is responsible based on the STM topographies pre-
sented here. However, the high mobility of adsorbed porphyrins observed in
the previous paragraph favours the first mechanism, as does the apparent re-
pulsion effect between rows of porphyrins observed in the upper-left corner in
figure 6.7; a third row of porphyrins is formed next to a double row, but at a
64% larger distance than the intra-row spacing in the double row. A tentative
explanation for the observed ordering of the porphyrins in rows is proposed:
after their adsorption the porphyrin molecules have a freedom of movement
along the gutters between the n-tetradecane lamellae (indicated by the black
arrows above and below the top-right porphyrin in figure 6.8a). The gutters
function as a sort of “rail road track” along which the porphyrins can freely
move until they run into each other, and form a stable pair. This is illus-
trated in figure 6.8a, a single row of porphyrins is drawn to scale according
to the distances and positions measured in figure 6.7. As can be seen from
figure 6.8a, the porphyrin’s alkyl tails, if fully extended, reach all the way
over the n-tetradecane lamellae, and can thus interact with the alkyl tails of
the porphyrins in the adjacent gutters. It is proposed that this interaction be-
tween the alkyl tails of porphyrins in adjacent gutters causes the porphyrins to
form rows. Two potential interactions are proposed that can act individually
or together to stabilize the porphyrin rows. The first proposed interaction is
an attractive Van der Waals interaction between the alkyl tails of porphyrins
in adjacent gutters, holding the porphyrins in a row together by their alkyl
tails. The second potential interaction is a competition between the alkyl tails
of porphyrins in adjacent gutters for an optimal interaction with the under-
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lying n-tetradecane lamellae. Such an interaction would cause porphyrins in
adjacent rows to “bump” into each other, and would restrict their movement
along the gutter.
s (nm)
z 
(pm
)
0 5 10 15
-10
0
10
20
30
s (nm)
z 
(pm
)
0 2 4 6 8
-5
5
15
25
(a) (b)
Figure 6.9: Cross sections of the porphyrin rows along the arrows marked
A (a), and B (b) in figure 6.7. Each cross section is taken in the direction
of the arrow, and averaged over the width of the perpendicular line drawn at
the beginning of the arrow. From cross section (a) it can be seen that the
double rows are not symmetrical, on the right side the row is wider. In (b)
it can be seen that a three porphyrin wide row does not form with the same
close packing of porphyrins as a two porphyrin wide row. The centre to centre
distance between the molecules in the third row and the closest row of molecules
in the double row is 2.54nm; which is 64% more than the 1.55nm centre to
centre distance between the rows of molecules in a double row. Also the lowest
point in the gap between the third row and the double row is significantly above
the base level of the n-tetradecane covered Au(111) surface on which the lines
are formed; the height difference is 8pm, measured between the lowest point in
the gap, and the surface level at the utmost right in the cross section.
The alkyl tail mitigated row formation mechanism proposed above ex-
plains the formation of single rows; from figure 6.7 however, it can be seen
that the formation of double rows of porphyrins is favoured over both single,
and triple or wider rows of porphyrins. The preference for double rows over
single rows of porphyrins can be explained by similar interactions between
the porphyrin’s alkyl tails as were previously proposed to be responsible for
the single row formation. From the cartoon in figure 6.8b it can be seen that
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for the observed spacing of the porphyrins in a double row, the alkyl tails
can be arranged in such a manner that they are sufficiently close to give rise
to an attractive interaction between porphyrins in neighbouring rows. This
intra-row interaction is likely as strong, or even stronger than the inter-row
interaction, given that the intra-row porphyrin spacing is smaller than the
inter-row spacing (1.7nm versus 2.3nm). But an orientation of the alkyl tails
such as suggested in figure 6.8b will lead to the same intra-row interaction for
three or more wide rows of porphyrins, and does not explain why mostly two
wide rows are observed. Apparently the intra-row attractive interaction that
must be present to stabilize a two porphyrin wide row is less, or even turned
into a repulsive interaction for a third joining row. An illustration of this
reduced interaction can be observed in the top-left corner of figure 6.7, where
a third row of porphyrins is present close enough to a double row to allow
for an alkyl tail interaction, yet the distance of the third row to the double
row is significantly larger than the distance between the rows of the double
row. From the cross section in figure 6.9b it can be determined that the third
row is at a distance of 2.54nm from the double row, which is 64% larger than
the 1.55nm distance between the rows in the double row. Also the measured
height in the gap between the third row and the double row is significantly
above the base level of the n-tetradecane covered Au(111) surface. This in-
creased height likely indicates that some of the alkyl tails of the porphyrins
are located in the gap; the width of the gap corresponds well to the length of a
fully extended alkyl tail (∼ 1.75nm measured from the porphyrin’s centre). It
is proposed that distance between the third row and the double row is larger
than the intra-row distance of the double row, because one or more of the
alkyl tails of the porphyrins in the third row are extended towards the double
row and are repelled by it, thus preventing the porphyrin from getting closer.
This is illustrated in the cartoon in figure 6.10b, where a single porphyrin
with extended alkyl tails is drawn at the same distance from the double row,
as observed in figure 6.7. The cartoon also suggests a possible cause for the
approaching porphyrins alkyl tail to be repelled by the double row: if all the
alkyl tails of the porphyrins in the double row would be closely packed within
the double row, then that could prevent the alkyl tails of the approaching
porphyrin to extend into the double row. The zoom in shown in figure 6.10a
suggests that this might indeed be the case; even very close (less than 1nm
from the porphyrins centres) to the double row, the individual n-tetradecane
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molecules in the monolayer can be resolved, indicating that none of the alkyl
tails extend further than 1nm from the double row. All alkyl tails appear to be
directed into the porphyrin double row, maximizing the attractive interaction
between the porphyrins, and so stabilizing the double row.
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Figure 6.10: (a) Correlation averaged zoom in on a double row of porphyrins
from figure 6.7. The colour scale is adjusted, to make a best effort attempt
of separating the individual parts that make up the image; the n-tetradecane
lamellae, which are lowest in height, are blue; the porphyrin’s centres, which
are highest, are red; finally, everything at intermediate height, mostly the por-
phyrin’s alkyl tails, is green. (b) Cartoon illustrating the ordering of the por-
phyrins in (a); draw as in figure 6.8, only the n-tetradecane lamellae are drawn
in blue, and the porphyrin’s alkyl tails are accentuated in green, to ease compar-
ison to the STM image in (a). The position of the porphyrin centres are drawn
exactly as determined from the STM image, as are the n-tetradecane lamellae.
The alkyl tails of the porphyrins in the double row, are drawn at a proposed
orientation, taking into account the observation from (a) that the alkyl tails are
directed into the double row. At the lower left corner, a porphyrin is drawn at
the same distance from the double row, as observed for the approaching third
row in the top-left corner of figure 6.7.
To summarize: it is proposed that the porphyrin’s alkyl tails are directed
into the double row, thus stabilizing it. Because no alkyl tails extend outside
of the double row, the attractive interaction provided by the alkyl tails in the
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double row are not available for a potential third row, thus favouring double
rows over triple or wider rows. Potentially there is even a repulsive interaction
between double rows and any approaching porphyrins; the tightly packed alkyl
tails might leave no space for any additional alkyl tails to penetrate the double
row, effectively rendering the double row a barrier that repulses approaching
porphyrins.
6.5 Conclusions
It was established in this chapter that the monolayer growth of porphyrins from
a solution of ∼ 10−5M to the Au(111)/n-tetradecane interface can be, but not
necessarily is, templated by an initially present herringbone reconstruction of
the Au(111) surface. Dynamic adsorption studies indicate that during this
templated growth, the reconstruction of the Au(111) surface is changed. It
was observed that the Au(111) reconstruction templated porphyrin monolayer
is the most frequently occurring morphology.
During an adsorption study of porphyrins from a more dilute solution
(∼ 10−8M) double rows of porphyrin molecules were observed, which were
templated on the lamellae of the n-tetradecane monolayer that was present on
the Au(111) surface prior to the adsorption of the porphyrins. The porphyrins
were found to adsorb exclusively with their metal containing centres on top of
the gutters between the n-tetradecane lamellae. The double rows were found
to be stable at low coverages, and it is proposed that they are stabilized by the
Van der Waals interaction between the alkyl tails of the porphyrin molecules,
which are proposed to be tightly packed inside the double row.
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CHAPTER 7
Real-space and -time imaging of single molecule catalysis
Insight into the mechanisms of chemical reactions catalysed by organicmolecules is one of the fundaments of natural science. Information aboutthese mechanisms can be obtained by a wide range of conventional spec-
troscopic techniques; however, the advent of scanning probe microscopies has
opened new approaches to study chemical reactions at surfaces. The method
of Scanning Tunnelling Microscopy (STM) at the liquid-solid interface laid
out in the previous chapters offers the possibility to obtain information down
to the submolecular level. Here we present a first example of a heteroge-
neous catalytic reaction studied in the realistic environment of a solid-liquid
interface. A Au(111) surface covered with a self-assembled monolayer of man-
ganese porphyrins is investigated down to the submolecular level with the help
of STM. Subsequently, the catalytic surface is studied in real-space and -time
with STM during an expoxidation reaction, while examining the properties of
the catalysts at the single molecule level.
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7.1 Introduction
Many chemical reactions are catalysed by metal complexes and insight in their
mechanisms is essential for catalyst design. A variety of spectroscopic tech-
niques are available to study reaction mechanisms at the ensemble level, and
only recently fluorescence microscopy has been applied to monitor, by single
turnover counting, reactions carried out on crystal faces1 and by enzymes2–4.
With Scanning Tunnelling Microscopy it has become possible to obtain, during
chemical reactions, spatial information at the atomic level5–9. The majority
of these studies have been carried out under ultra-high vacuum, far removed
from conditions encountered in laboratory processes. In this chapter we ex-
amine the catalytic activity of the metal-porphyrin self-assembled monolayers
which have been studied in detail in chapter 6. Metal-porphyrins are dyes
that occur in nature, where they are involved in processes such as light har-
vesting in plants and oxygen binding in heme. Synthetic Mn(III) porphyrins
are often used as catalysts for the chemical transformation of alkenes into
epoxides, in which an oxygen atom is added across a carbon-carbon double
bond to form a three-membered ring10. Generally, they activate an external
oxidant, such as a peroxide or hypochlorite, by binding its oxygen atom to
their metal centre, allowing its subsequent transfer to an alkene to yield an
epoxide or other oxidized product. As in the case of the naturally occurring
mono-oxygenase enzyme cytochrome P450, molecular oxygen can be used as
an oxidant11,12, although in this case additional electrons are required to fa-
cilitate oxygen-oxygen cleavage in a process known as reductive activation. It
is reasoned that the Au(111) surface on which the porphyrin monolayers were
grown in chapter 6 could also function to activate the porphyrin molecules in
the monolayer as a catalyst to react with molecular oxygen. In this chapter the
oxidation and subsequent catalytic activity of the monolayers of manganese
porphyrin Mn1 will be investigated.
7.2 Experimental
The STM images shown in this chapter were measured in the Nijmegen Liquid-
cell STM, in argon purged and distilled n-tetradecane, and in an argon filled
bell jar. The Au(111) surface was created by annealing a freshly evaporated
gold film in a hydrogen flame. During all measurements, care was taken that
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no oxygen or other contaminants entered the system. See chapter 3 for further
experimental details regarding the liquid-cell STM setup.
Reflection UV-vis measurements were taken on Varian Cary 5E UV-Vis-
NIR and Cary 50 conc spectrophotometers with an integrating sphere. The
Au(111) films were mounted in a quartz cuvet filled with the porphyrin so-
lution. Solution UV-vis measurements were performed on the same machine,
but without the integrating sphere.
Gas chromatography measurements were performed on a Varian 3800 GC
instrument with a flame ionization detector using a Supelco fused silica cap-
illary column (15m length, diameter 35µm, df 1.0µm) and Varian Star 5.2
software to analyse the data. Compounds in the GC thermograms were iden-
tified by comparison with commercial products. Since the relative amount
of oxidized products derived from cis-stilbene generated during the catalysis
experiments was extremely small, their formation was followed by normalizing
the cis-stilbene peaks in the GC thermograms.
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The method for growing a metal-porphyrin monolayer at the Au(111)/n-
tetradecane interface described in chapter 6 typically renders a relatively well
defined and uncontaminated monolayer. However, occasionally, a porphyrin
with a much higher apparent height was observed (figure 7.1a). Realizing that
manganese porphyrins can react with molecular oxygen13, a small contamina-
tion of the liquid with this gas was suspected. In order to test this hypothesis,
the setup was purposely contaminated by flushing the bell jar with O2. This
led to a gradual increase in the number of bright-appearing porphyrins (fig-
ure 7.2), suggesting that these are adsorbed Mn1 species interacting with
oxygen. Concomitant with this change in topography, UV-vis reflection mea-
surements of the interface revealed a red shift of the Soret band from 470 nm
to 478 nm (figure 7.1b). The presence or absence of O2 had no influence on
the position of the Soret band of Mn1 at 480 nm in the UV-vis spectrum
in n-tetradecane solution in the absence of a Au(111) surface. Hence, it is
proposed that the Au(111) surface activates Mn1 to react with O2, in a way
comparable to an electron-donating axially coordinating ligand13.
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Figure 7.1: (a) Constant current image (I = 3pA, Vsample = 200mV) of
a self-assembled monolayer of Mn1 porphyrin at the Au(111)/n-tetradecane
interface. The white arrow indicates a single porphyrin molecule with a much
bigger apparent height. (b) UV-vis reflectance spectra of a monolayer ofMn1
at the interface of Au(111) and argon saturated n-tetradecane (red trace), of a
monolayer ofMn1 at the interface of Au(111) and O2 saturated n-tetradecane
(blue trace), and the UV-vis solution spectra of Mn1 in bulk n-tetradecane
saturated with argon (continuous black trace) and saturated with O2 (dotted
black trace)
To investigate the nature of the hypothesized interaction between adsorbed
Mn1 and oxygen in more detail, the distribution of bright-appearing, propos-
edly oxidized, porphyrins in a monolayer of Mn1 in contact with oxygen was
investigated. By analysing many locations on the monolayer it became appar-
ent that the oxygen-containing species primarily occurred in pairs. To quantify
this observation, a statistical analysis was carried out on a 75 × 75nm area
(∼ 2000 molecules) of a typical STM image. A section of this STM image is
shown in figure 7.2.
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Figure 7.2: Constant current image (I = 10pA, Vsample = 200mV) of a
self-assembled monolayer of Mn1 porphyrin at the Au(111)/n-tetradecane in-
terface, after partial oxidation due to the flushing of the bell-jar with O2. The
coloured circles drawn around the oxidized porphyrins indicate the amount of
oxidized neighbouring molecules around the circled, oxidized porphyrin; cyan
indicates 0 oxidized neighbours, green indicates 1 and yellow indicates 2 oxi-
dized neighbours. The left histogram in figure 7.3b shows the distribution of
oxidized porphyrins by their amount of oxidized nearest neighbours in an area
containing ∼2000 molecules of which only a subsection is shown in this fig-
ure. For this analysis a hexagonal lattice is assumed, implying 6 equally distant
nearest neighbours. The two white arrows labelled A and B indicated the path
along which the cross sections shown in figure 7.3a are taken.
The distribution of oxidized porphyrins as a function of the number of
oxidized nearest neighbours assuming a hexagonal lattice, i.e., 6 equally dis-
tant nearest neighbours, is shown in the left histogram in figure 7.3b. The
right histogram in figure 7.3b shows the theoretical distribution of oxidized
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porphyrins as a function of the number of oxidized nearest neighbours in the
case of totally uncorrelated oxidation events. This distribution is the binomial
distribution, and it can be easily understood why it applies here. In the case
of uncorrelated oxidation events, each porphyrin molecule in the monolayer
has the same chance of being oxidized, and an oxidation event is not depen-
dent on the oxidation state of the neighbouring porphyrin molecules, i.e., each
oxidation event is an independent yes/no experiment. By definition, the bi-
nomial distribution is the discrete probability distribution of the number of
successes in a sequence of n independent yes/no experiments, each of which
yields success with probability p. The chance of having exactly k oxidized
porphyrins in a monolayer of n molecules of which pn are oxidized is given by
the probability mass function:
f(k;n, p) =
(
n
k
)
pk(1− p)n−k (7.1)
With the binomial coefficient:
(
n
k
)
=
n!
k!(n− k)!
Equation 7.1 can be used to describe the distribution of neighbouring oxidized
porphyrin molecules. In an hexagonal lattice, each molecule has 6 equally
distant nearest neighbours, so if a fraction p of the monolayer is oxidized, the
chance that an oxidized porphyrin molecule has i oxidized neighbours is:
fi =
(
6
i
)
pi(1− p)6−i (7.2)
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Figure 7.3: (a) Cross sections through the arrows A and B in figure 7.2.
The cross sections are averaged over an area indicated by the dash at the base
of the arrow. It is evident that the interaction of Mn1 with O2 leads to a sig-
nificant increase in the apparent height of the molecule. (b) The left histogram
shows the distribution of oxidized Mn1 by the number of oxidized nearest
neighbours, derived from an STM measurement covering an area containing
∼2000 molecules, and assuming a hexagonal lattice. A subsection of the STM
measurement from which these statistics were derived is shown in figure 7.2.
The right histogram shows the theoretical distribution of oxidizedMn1 for the
case of uncorrelated oxidation events, as described by equation 7.2. It is evident
that the measured distribution differs significantly from the random distribu-
tion, clearly indicating that the oxidation events of the individual Mn1 are not
uncorrelated.
Clearly, from figure 7.3b, the experimentally observed distribution of oxygen-
containing Mn1 molecules is not random; in fact, there is a significant prefer-
ence for pairs of adjacent porphyrins at the cost of monomeric species, suggest-
ing that each molecule of O2 preferably dissociates upon or after its reaction
with Mn1 at the surface, and forms two identical mono-oxygen coordinated
species. To verify whether this hypothesis can explain the observed distri-
bution of oxygen-containing porphyrins quantitatively, a simulation involving
two independent processes was carried out, the first one being the simultaneous
oxidation of two adjacent molecules ofMn1 by O2, and the second one the dis-
appearance of an oxygen-binding single porphyrin molecule (’bright’ molecule
goes ’dark’, either involving the loss of oxygen from a Mn1 molecule, or the
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complete dissociation of aMn1-oxygen complex from the interface after which
the vacant spot is occupied by a fresh molecule of Mn1 from solution). The
rates of these processes were tuned such that the simulation converged to the
same fraction of ‘bright’-appearing molecules as observed in the STM image
(∼ 8%). The result of this simulation showed that the calculated distribution
of nearest neighbours meets the experimentally observed distribution and not
the random one (figure 7.4).
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Figure 7.4: Simulation of the oxidation of the Mn1 monolayer, assuming
the simultaneous oxidation of two neighbouring porphyrins. Again, a hexagonal
lattice of catalyst molecules is assumed. The spatial representation of the sim-
ulation result is shown in (a); (b) shows the distribution of oxidized Mn1 by
their number of oxidized nearest neighbours. The leftmost and rightmost mea-
sured and random histograms are equivalent to those shown in figure 7.3, and
show the measured distribution and random distribution respectively. Clearly
the distribution resulting from the simulation is a much closer match to the
experimentally observed distribution than to the random distribution.
From the characterization of metal-porphyrin monolayers in chapter 6,
it was learned that porphyrin self-assembled monolayers at the Au(111)/n-
tetradecane interface can exist in many different morphologies. The lattice
parameters shown in table 6.1 clearly show that none of the observed mor-
phologies has either a cubic or a hexagonal lattice. Unfortunately, probably
due to the presence of O2 in the system, the STM images of oxidized Mn1
monolayers used in this chapter, are not of sufficient quality to discern the
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Au(111) reconstruction herringbone, and thus can not be calibrated as was
done for the images in chapter 6. For the calculations and simulations of the
distribution of oxidized porphyrins shown in this chapter, we assume that the
lattice is hexagonal. This approximation is a sort of compromise between the
different lattices listed in table 6.1. The hexagonal lattice is convenient, be-
cause it results in 6 equally distant nearest neighbours. To ensure that this
approximation does not lead to wrong qualitative conclusions, the simulation
and statistical analyses were also performed assuming 4 and 8 neighbours with
equal oxidation chance around the primary oxidation site (figure 7.5). It is
clear that also when one assumes 4 or 8 instead of 6 neighbours with equal
oxidation chance, the distribution derived from the STM measurement signif-
icantly differs from the distribution one would expect if the single oxidation
events were uncorrelated. This indicates that, regardless of the assumption
of an hexagonal porphyrin lattice, the conclusion that the distribution of ox-
idized Mn1 can not be the result of uncorrelated single oxidation events is
valid. Analysing both figure 7.5 and figure 7.4b, one can observe that the sim-
ulation assuming both 6 and 8 neighbours with equal oxidation chance match
the measured distribution quite well, but the simulation with 4 neighbours
with equal oxidation chance deviates from the measured distribution. Since
the monolayer of Mn1 does not really have a hexagonal lattice, it is likely
that both the nearest (left, right, top and bottom) and next-nearest (top-left,
top-right, bottom-left and bottom-right) neighbour of each porphyrin have
a non-zero, but different oxidation chance. The resulting distribution would
then be something in between the distributions for 6 and 8 equal neighbours
shown in the figures 7.4b and 7.5b.
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Figure 7.5: (a) distribution of oxidized Mn1 species as a function of the
number of oxidized neighbours, assuming 4 neighbours (left, right, top and
bottom) with equal oxidation chance. The leftmost histogram shows the dis-
tribution in the STM measurement of oxidized porphyrins as a function of the
number of oxidized neighbours, counting as neighbours only the previously men-
tioned 4 neighbours. The middle histogram shows the same distribution derived
from a simulation assuming the simultaneous oxidation of two neighbouring
porphyrins; again, neighbours are only the 4 previously mentioned ones. The
rightmost histogram shows the distribution that results from random uncorre-
lated single oxidation events, again taking into account only the left, right, top
and bottom neighbours. (b) distribution of oxidizedMn1 species as a function
of the number of oxidized neighbours, assuming 8 neighbours (left, right, top,
bottom, top-right, top-left, bottom-right and bottom-left) with equal oxidation
chance.
The reaction of molecular oxygen with a metallo-porphyrin is well-known
from the natural enzyme cytochrome P-45011, which contains an Fe(III) pro-
toporphyrin to which an axial ligand is coordinated. After a stepwise two-
electron reduction this complex binds O2 and cleaves it reductively, leaving
one oxygen atom at the porphyrin to produce a reactive high-valent iron-
oxo intermediate, and the other one to combine with two protons to produce a
molecule of water. In the presence of axially binding ligands, MnIII porphyrins
in solution have been shown to bind and cleave O2 in a similar manner, after
first being reduced by electrons from an added co-reductor13. In the liquid-
cell STM experiment, however, neither an axial ligand, nor protons, nor an
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added co-reductor are present. Since binding of O2 requires reduction of the
manganese centre, we propose that the Au(111) surface is responsible for this
step, which occurs upon adsorption of Mn1 and is accompanied with the ob-
served blue shift of the Soret band in the UV-vis reflectance spectrum. The
Au(111) surface can induce this reduction following two possible mechanisms.
The most likely one, and the one proposed here, is that a surface gold atom
coordinates to Mn1 in an axial ligand fashion allowing a chlorine radical to
dissociate14, thereby reducing the MnIII centre to MnII (figure 7.6). A second
possibility is that the surface actively reduces Mn1 through donation of an
electron, followed by dissociation of a chloride anion. This mechanism, how-
ever, is less likely, since it requires the unfavourable solvation of anions by the
apolar solvent, or a reaction of these ions with the negatively biased Au(111)
surface.
 cis-stilbene
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Figure 7.6: Proposed catalytic cycle of the epoxidation reaction carried out
in the liquid-cell STM. Two MnII porphyrins Mn1 are first attached to the
Au(111) surface, which causes their reduction from MnIII to MnII with the loss
of chlorine radicals. Upon the addition of O2, two adjacent, identical Mn
IV-
oxo species are formed. These activated species can subsequently insert their
oxygen atoms into the double bond of the alkene cis-stilbene, resulting in the
formation of the epoxide cis-stilbeneoxide.
Because the STM measurements indicate that each reaction with oxygen
generates two identical oxidised Mn1-oxygen species, we tentatively propose
a homolytic dissociation of O2 and the distribution of both oxygen atoms over
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two Mn1 neighbours to generate two reactive MnIV=O species (figure 7.6)15.
Such a homolytic dissociation has been reported for the oxidation of cyclohex-
ane with a manganese porphyrin catalyst in bulk solution, albeit only under
high pressure and at high temperatures16. The observed shifts in the UV-
vis reflection spectra for both the surface-induced reduction and subsequent
oxygen binding of Mn1 are similar in nature to those observed for analogous
events with manganese porphyrins in solution, although in the latter case the
shifts in wavelength are generally somewhat larger17.
The oxidised porphyrins in the monolayer can in principle act as a hetero-
geneous catalyst for epoxidation reactions. To investigate this possibility, all
the steps of the catalytic epoxidation of cis-stilbene (figure 7.6) were followed
in real-time and real-space in the STM liquid-cell setup, by monitoring at a
fixed 75× 75nm area of the surface (∼ 2000 porphyrin molecules) the number
of oxygen-free and oxygen-binding molecules of Mn1 (figure 7.7a-d). During
the whole experiment the topography of the surface and the monolayer ofMn1
remained very stable. When still under an argon atmosphere, the number of
oxidisedMn1 molecules was negligible, but upon flushing the bell-jar with O2
their population started to increase rapidly. In order to be able to perform
reliable statistical analyses, and because it is known that too high a number of
oxidized manganese porphyrin species can lead to catalyst auto-destruction18,
at t = 3h, 50µl of cis-stilbene was added very carefully to the surface of the
liquid in the STM cell. After ∼2.5 hours, a period which can correspond well
with the expected diffusion time required for the additive to reach the interface
(see paragraph 2.4), a sudden and significant drop in the number of oxidised
Mn1 molecules was observed, which is proposed to correspond with the start
of the oxidation reaction of cis-stilbene. In the following 4 days, the number
of oxidized Mn1 molecules remained at a nearly constant level, which is an
indication of long-lasting activity and stability of the surface-bound catalysts.
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Figure 7.7: (b-d) Constant current images (I = 10pA, Vsample = 200mV)
of a monolayer ofMn1 self-assembled at the Au(111)/n-tetradecane interface.
(b), System under argon. (c), Four hours after flushing the bell jar with O2, at
this time the maximum amount (∼ 10%) of Mn1 molecules is oxidized. (d),
Three hours after the addition of cis-stilbene, which has by then reached the
liquid/solid interface (see paragraph 2.4), it is evident that by this time the
number of oxidizedMn1 molecules has decreased significantly. (a) Plot of the
number of oxidized molecules ofMn1 in a fixed 75×75nm2 area of the surface
(comprising ∼ 2000 molecules) as a function of time, upon the addition of O2
to the bell jar (at t = 70min) and subsequently the addition of cis-stilbene to
the top of the liquid in the liquid cell (at t = 3h).
To verify this assumption, the solution in the liquid-cell STM was analysed
by gas chromatography (GC) after allowing the reaction to proceed for some
time. Although the amounts of formed product after almost 4 days is still very
low, the measurement clearly showed a significant increase in concentration of
mainly the cis-isomer of stilbene epoxide (figure 7.8a). In the absence of a
gold surface, the reaction appeared not to occur.
The same reaction was also carried out on a larger scale outside the liquid-
cell STM, in a test tube using spherical gold nuggets (∼ 30, Ø 2 − 4mm) in
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oxygen-saturated n-tetradecane containingMn1 ([Mn1] = 10−7M). After the
addition of cis-stilbene (50µL), the solution was analysed by GC at different
time intervals, also showing the formation of cis- and trans-stilbene epoxide
(figure 7.8b). In addition, the formation of several side products, which so far
could not yet be identified, was evident. Again, in the absence of the gold
nuggets, the reaction appeared not to occur.
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Figure 7.8: (a) Gas chromatography trace (labelled “STM”) of the n-
tetradecane subphase collected from the STM cell after the conclusion of the
four day long experiment described previously, of which the STM results are
shown in figure 7.7. The reference trace (labelled “blank”) is a trace of the
same solution of Mn1, and cis-stilbene in n-tetradecane kept under an oxygen
rich atmosphere for four days, but without a gold surface present. Both traces
have been normalized to the cis-stilbene peak. The peaks corresponding to the
cis- and trans-stilbene oxide are indicated. (b) Gas chromatography traces of
the bulk oxidation reaction on gold nuggets submerged in an oxygen saturated
Mn1 solution (∼ 10−7M) in n-tetradecane. Traces are labelled according to
the extraction time of the sample, at 19, 44, and 92 hours after the start of the
reaction.
7.4 Conclusions
In this chapter, the first example of a multi-step catalytic reaction studied at
the single molecule level, in real-time under ambient conditions at a liquid-
solid interface was described. This work demonstrates that realistic reaction
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conditions can be created and controlled in a liquid-cell STM in a similar way
as previously done under ultra-high vacuum or very low temperature condi-
tions. It is evident that the STM approach to study chemical reactions in
a dynamic environment can give valuable information about reaction mecha-
nisms and rates, as well as catalyst activity and stability. Since there are many
catalysts known which are prone to self-assemble at a liquid-solid interface, a
whole series of chemical reactions can now be studied, which will undoubtedly
shine new light on how catalysts react at the single molecule level.
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Summary
Although the concept of the atom, being the indivisible component ofmatter, was introduced by early Greek philosophers around 440 BC, ittook well over two millennia before the first people could actually “see”
the individual atoms that make up all matter. This was in 1981, when Gerd
Binnig and Heinrich Rohrer invented a revolutionary new type of microscope
called the Scanning Tunnelling Microscope (STM). Instead of using lenses to
magnify an object, the STM probes the surface of a material with a very sharp
needle. This sharp needle, called the STM tip, is scanned in a raster over a
surface; by simultaneously measuring the current resulting from the quantum
tunnelling of electrons from the tip’s utmost atom to the surface, a height-map
of the surface is obtained. This so called STM image, think of it as a raised-
relief terrain map, is so detailed, that one can distinguish individual atoms, in
the shape of small spheres.
This thesis is a chronological report of the author’s four year exploration
of surfaces submerged in liquids using a home-built scanning tunnelling micro-
scope: “The Nijmegen Liquid-cell STM”. It begins with describing the process
of building and characterizing an STM specifically tailored for studying sur-
faces submerged in liquids, and ends with reporting the first observation of
all steps of a catalytic chemical reaction at the liquid-solid interface with the
liquid-cell STM. The author’s motivation for this research came from his ob-
servation that, in spite of the STM’s impressive list of capabilities, it is seldom
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applied to studying surfaces submerged in liquids. This is a great pity, because
the ability to study the interface between liquids and solids, with a resolution
high enough to observe single atoms, can yield great insight into the many
important chemical, and in particular biochemical processes, taking place at
this interface.
1 2 3 4
0
5
10
liquid
  
time (hours)
o
x
yg
en
 (1
0-2
 
m
o
le
cu
le
s/n
m
2
1⋅
10
-
11
m
ba
r O
2
1⋅10
-
12 mbar 
O 2
5nm[1
12
]
 
 
 
 
-
[110]
 
 
-
 
 
A B
(a) (b)
Figure 1: The Nijmegen Liquid-cell STM can make images of well defined
and uncontaminated surfaces, just like an ultra-high vacuum STM. (a) Numer-
ical simulation of the oxygen contamination rate of a surface in the liquid-cell
STM, filled with the liquid paraffin n-tetradecane (green line), compared to the
surface contamination rate of the same surface in a typical ultra-high vacuum
STM (blue lines). (b) Liquid-cell STM image of a crystalline gold surface in
n-tetradecane. The signature double lines of the Au(111) herringbone recon-
struction are clearly visible running from top to bottom. At the interface, the
n-tetradecane molecules are organized in crystalline domains (A and B).
Before the newly-built liquid-cell STM was applied to a task as complex
as studying a chemical reaction, it was thoroughly characterized, focussing on
the resolving power of the microscope, and the ability to keep surfaces clean
while submerged in the liquid. To estimate the rate of contamination of a
surface in the liquid-cell STM, numerical simulations were carried out with
Finite Element Method (FEM). It was found that a surface in the liquid-cell
STM gets contaminated with oxygen, the most common contaminant, at a
comparable rate as in a typical ultra-high vacuum STM (figure 1a). To verify
the simulations, and at the same time investigate the resolving power of the
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Nijmegen Liquid-cell STM, a model system was studied: the reconstructed
surface of crystalline gold, a surface well characterized with ultra-high vac-
uum STM. Liquid-cell STM images of the interface between this surface and
liquid alkanes, have a high resolution, and show a low level of contamination,
similar to STM images taken in ultra-high vacuum (figure 1b). Furthermore,
liquid-cell STM spectroscopy measurements of the electronic structure of the
surface indicate that its signature electronic surface state known from ultra-
high vacuum STM is preserved in liquid.
50nm 5nm
[112]    -
[110]
 
 
-
 
 
(a) (b)
Figure 2: The Nijmegen Liquid-cell STM can be used to induce and study
surface modification. (a) Square hole in a bismuth crystal, created by dissolving
the bismuth atoms with the tip of the STM. The liquid phase is a solution of oc-
tanethiols in n-tetradecane.(b) Double rows of manganese porphyrin molecules
(red) self-assembled onto an ordered layer of n-tetradecane molecules (blue).
The liquid phase is n-tetradecane.
Once it was established that the Nijmegen Liquid-cell STM can make high
resolution images of clean surfaces, just like an ultra-high vacuum STM, it
was used to investigate more complex systems. In particular the liquid-cell
STM was used to study and induce the modification of surfaces submerged in
liquids. The tip of the STM was used to mill small features into a bismuth
surface, by inducing the top atoms in the surface to react with alkanethiols
present in the liquid phase and subsequently dissolve into the liquid phase
(figure 2a). Also, the liquid-cell STM was used to study the slow adsorption
of molecules to a surface. The templated growth of double rows of porphyrin
molecules on a crystalline one molecule thick layer of alkanes on the Au(111)
surface is shown in figure 2b.
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Figure 3: Oxidation catalysis at the solid-liquid interface, studied at the
single-molecule level with the Nijmegen Liquid-cell STM. (a) Reaction mech-
anism for the catalytic oxidation of cis-stilbene by an activated monolayer of
manganese porphyrins on a gold surface. (b) STM image of the interface with
mostly unoxidised porphyrins (Mn(II), blue dots). (c) A significant number of
the porphyrins has been oxidised (Mn(IV)O, red dots). (d) During the oxidation
of the cis-stilbene oxygen is removed from the porphyrins (less red dots).
Finally, the Nijmegen Liquid-cell STM was used to perform the first real-
time, single-molecule, observation of all separate steps of oxidation catalysis
at the liquid-solid interface (figure 3). Manganese porphyrin catalysts were
adsorbed to a gold surface submerged in liquid n-tetradecane; their adsorp-
tion and subsequent oxidation processes were monitored with the STM. Due
to the unique ability of the liquid-cell STM to monitor the oxidation of each
individual porphyrin, it was found that one oxygen molecule oxidises two ad-
jacent porphyrin catalysts, each binding one oxygen atom. After a significant
number of porphyrins were oxidised, and thus activated, the cis-stilbene was
put in the liquid, to start the catalytic oxidation reaction. During the reac-
tion, oxidesed catalysts were observed to transfer their oxygen atoms to the
cis-stilbene, and after some time, the reactionproduct cis-stilbeneoxide could
be detected in the liquid phase.
Samenvatting
Hoewel het begrip atoom, de ondeelbare bouwsteen van alle materie,al rond 440 voor Christus werd ge¨ıntroduceerd door Griekse filosofen,duurde het meer dan twee millennia, voordat de eerste mens werkelijk
een atoom kon zien. Dat was in 1981, toen Gerd Binnig en Heinrich Rohrer
de Scanning Tunnelling Microscoop (STM) uitvonden, een revolutionair nieuw
type microscoop. In plaats van lenzen te gebruiken om een object te vergroten,
tast de STM met een zeer scherpe naald het oppervlak van een object af. Deze
naald, meestal de STM tip genoemd, wordt in een raster over het oppervlak
bewogen, door gelijktijdig de stroom van elektronen te meten, die quantum
tunnellen van het uiterste atoom in de tip naar het oppervlak van het object,
wordt een hoogtekaartje van het oppervlak verkregen. Dit zogenaamde STM
plaatje, een soort relie¨f kaart, is zo gedetailleerd dat men afzonderlijke atomen
kan waarnemen, in de vorm van kleine knikkers.
In deze thesis vind u een chronologisch verslag van de vier jaar durende ont-
dekkingsreis van de auteur door de wereld van oppervlakken onder vloeistoffen.
Voor dit onderzoek is een nieuw type STM gebouwd, speciaal geoptimaliseerd
voor gebruik in vloeistoffen: “De Nijmegen Liquid-cell STM”. De reis begon
met de bouw en het karakteriseren van deze STM, en had als eindbestemming
de eerste gerapporteerde STM studie van het verloop van een katalytische
chemische reactie op het grensvlak tussen een vaste stof en een vloeistof. De
motivatie voor dit onderzoek komt voort uit de observatie van de auteur dat
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de STM, ondanks zijn indrukwekkende prestaties, zelden wordt gebruikt voor
het bestuderen van oppervlakken onder vloeistoffen. Dit is erg jammer, want
juist het bestuderen van het grensvlak tussen de vaste stof en een vloeistof,
met een resolutie hoog genoeg om individuele atomen te onderscheiden, kan
het inzicht in chemische en in het bijzonder biochemische reacties, die typisch
plaatsvinden aan deze grensvlakken, enorm vergroten.
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Figuur 1: De Nijmegen Liquid-cell STM maakt plaatjes van goed gedefinieer-
de en schone oppervlakken, net als een ultrahoog vacuu¨m STM. (a) Numerieke
simulatie van de zuurstof verontreiniging van een oppervlak in de liquid-cell
STM gevuld met de vloeibare paraffine n-tetradecaan (groene lijn), vergele-
ken met de verontreiniging van het zelfde oppervlak in een doorsnee ultrahoog
vacuu¨m STM (blauwe lijnen). (b) Liquid-cell STM plaatje van een goudop-
pervlak onder n-tetradecaan. Het kenmerkende dubbele lijnen patroon van de
Au(111) visgraat reconstructie is duidelijk waarneembaar, in verticale richting.
Het n-tetradecaan vormt twee kristallijne domeinen (A en B).
Voordat de net gebouwde liquid-cell STM gebruikt werd voor het bestude-
ren van iets zo gecompliceerd als een chemische reactie, is de STM zorgvuldig
gekarakteriseerd. In het bijzonder is gekeken naar de resolutie van de micro-
scoop, en de mate waarin oppervlakken in de vloeistof schoon blijven. Om een
inschatting te maken van de snelheid waarmee een oppervlak in de liquid-cell
STM verontreinigd raakt, zijn met eindige elementen methode numerieke simu-
laties uitgevoerd . Hieruit is gebleken dat een oppervlak in de liquid-cell STM
ongeveer even snel verontreinigd raakt met zuurstof, de meest voorkomende
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vervuiling, als in een ultrahoog vacuu¨m STM (figuur 1). Om deze simulaties
te verifie¨ren, en tegelijkertijd de resolutie van de Nijmegen Liquid-cell STM te
bepalen, werd een modelsysteem bestudeerd: het gereconstrueerde oppervlak
van kristallijn goud, een veelvuldig bestudeerd oppervlak in de ultrahoog va-
cuu¨m STM. Liquid-cell STM plaatjes van het grensvlak tussen dit oppervlak
en vloeibare paraffine, hebben een hoge resolutie, en zijn niet verontreinigd,
net als plaatjes van de ultrahoog vacuu¨m STM. Spectroscopie metingen uit-
gevoerd met de liquid-cell STM laten zien dat de karakteristieke elektronische
structuur van het goud behouden blijft in vloeistoffen.
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Figuur 2: Oppervlakte modificatie in de Nijmegen Liquid-cell STM. (a)
Vierkant gat in een bismut kristal onder een oplossing van octaanthiolen in
n-tetradecaan, gemaakt door bismut atomen op te lossen met de tip van de
STM. (b) Dubbele rijen mangaanporfyrine moleculen (rood) gegroeid op een
kristallijne laag n-tetradecaan moleculen (blauw). De vloeistof is n-tetradecaan.
Nadat vastgesteld was dat men met STM in vloeistoffen hoge resolutie
plaatjes kan maken van niet verontreinigde oppervlakken, net als in ultra-
hoog vacuu¨m, werd begonnen met het onderzoeken van complexere systemen.
In het bijzonder het bestuderen, en induceren, van oppervlaktemodificaties
onder vloeistoffen. Met de STM tip zijn kleine patronen gefreesd in een bismut
kristal, door een reactie te induceren tussen het bismut en alkaanthiolen uit de
vloeistof, waarna het reactieproduct oplost (figuur 2a). Tevens is de adsorptie
van moleculen vanuit een vloeistof aan een oppervlak bestudeerd. Vanuit
vloeibaar n-tetradecaan zijn dubbele rijen van porfyrine moleculen op een e´e´n
molecuul dik kristal van n-tetradecaan gegroeid (figuur 2b).
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Figuur 3: Oxidatie katalyse aan het grensvlak tussen vaste stof en vloeistof,
bestudeerd met moleculaire resolutie in de Nijmegen Liquid-cell STM. (a) Reac-
tie mechanisme van de katalytische oxidatie van cis-stilbeen door geactiveerde
mangaanporfyrines geadsorbeerd aan een goudoppervlak. (b) STM plaatje met
vooral niet geoxideerde porfyrines (Mn(II), blauw). (c) Een significant deel van
de porfyrines is geoxideerd (Mn(IV)O, rood). (d) Tijdens de oxidatie van het
cis-stilbeen, verdwijnen zuurstof gebonden porfyrines (minder rood).
Tenslotte zijn met de Nijmegen Liquid-cell STM voor het eerst, in real-
time, met moleculaire resolutie, alle afzonderlijke stappen van een katalytische
oxidatie reactie op een oppervlak onder een vloeistof bestudeerd (figuur 3).
De adsorptie en daaropvolgende oxidatie van mangaanporfyrines uit vloei-
baar n-tetradecaan aan een goudoppervlak is gevolgd met de STM. Dankzij
de unieke mogelijkheid van de liquid-cell STM om de afzonderlijke oxidatie
van ieder molecuul waar te nemen, is ontdekt dat e´e´n zuurstofmolecuul twee
aanliggende porfyrinekatalysatoren oxideert, beide binden e´e´n zuurstofatoom.
Na oxidatie, en daarmee activatie, van een deel van de porfyrines, werd cis-
stilbeen toegevoegd om de katalytische reactie te starten. Tijdens de reactie
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